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ABSTRACT

This technical note describes construction techniques for building passive LC highpass and
lowpass filters whose intended use spans several octaves of bandwidth. It examines limitations in
the frequency domain of the two basic components, inductors and capacitors, used to build these
filters, the unwanted effects of the distributed reactance of opposite sign to the wanted within
these components and the electro-magnetic coupling between these components when used to
build a filter. The impact these unwanted characteristics have on the filter’s overall performance
is then examined. Recommendations are given on the various steps that may be taken to reduce
these unwanted effects minimising the deviation from a filter’s ideal performance.
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Construction Techniques for LC Highpass and
Lowpass Filters used in the 1 MHz to 1 GHz
Frequency Range

Executive Summary

Commercial off-the-shelf and in-house manufactured inductors and capacitors have many
unwanted characteristics that alter the manufacturer’s indicated component value with
frequency. This is reflected as a deviation in a filter’s performance from the ideal when itis
constructed using these components. A literature search on construction methods to
minimise this deviation revealed this issue had not been adequately addressed and
thereby motivated an in-house investigation. This investigation was carried out in
conjunction with the construction of hardware for the LLISP (Low Latitude Ionospheric
Sounding Program) and Perseus projects.

This technical note describes construction techniques for building passive highpass and
lowpass filters whose intended use spans several octaves of bandwidth. Its objective is to
minimise the difference in response between a filter constructed with ideal components to
one using real off-the-shelf or in-house manufactured components. It describes the basic
limitations of the real-world components, their impact on the filter’s overall response and
various techniques that can be employed to improve their performance.
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1. Introduction

This paper is limited to passive LC lowpass and highpass filters in which the sum of series
reactances when multiplied with the sum of the shunt reactances produces an average
value of k., which is independent of frequency.

The value of k for a simple second order filter is:-

k=X, X =2FL_L (11

where:  Xc = capacitive reactance (Q)
X1 = inductive reactance ()
C = capacitance (F)
L = inductance (H)
f=frequency (Hz)

The average value of k.. for a filter greater than second order is therefore:-

Li+L,+L+..L
= 1 2 3 ] (12)
C+C,+C+..C,
The Z,, (characteristic impedance) of this filter is:-
L+L,+L+..L
7Z = 1 2 3 n.— [k ! 13
(’Jq+q+q+wq “ 13)

Examples of passive highpass and lowpass LC filters whose value of k. is independent of
frequency are:-

Constant k
Gaussian

Bessel or Thomson
Butterworth
Legendre-Papoulis
Chebyshev
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It should be noted that filters are not necessarily terminated with their Z,. Chebyshev
filters for example rely on differences between the Z, and terminating impedances to give
a desired slope to the filter skirt. This mismatch also gives rise to a passband ripple. The
larger the difference between the Z, and the terminating impedances, the greater the
passband ripple and the steeper the filter’s skirt.

Highpass and lowpass filters with the same characteristic impedance (Z;) and whose
combined passbands span several octaves can be assimilated to form one complex filter.
For example a 2 MHz highpass and a 30 MHz lowpass can be combined to form a
2-30 MHz bandpass filter. Figure 1.1 describes how the filter’s components are connected
to form this complex band pass filter. It should be realised that this is two separate filters
that have been combined in a space saving exercise. The product of the summation of the
shunt and the summation of the series reactances of this complex filter will still return a ke
that is independent of frequency and the square root of which will be the filter's average
characteristic impedance.

11 a3

Rl
. 23 3w

{a) LOWPASS FILTER (b) HIGHPASS FILTER

3

Cll ELZ CZ;[; §L3

{c) COMBINED COMPLEX BANDPASS FILTER

Figure 1.1 Example of combining a lowpass and a highpas filter into a complex bandpass filter
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Filters whose value of k., is frequency dependent usually employ resonant circuits in the
shuntand/or series path. While this technical note is not directly aimed at such filters, the
analysis of component limitations and some of the construction recommendations given
are relevant. Examples of these filters are:-

Narrow bandpass
Narrow bandstop
Elliptic

m derived.

The component values of an R.F. (Radio Frequency) filter calculated using a software
package, look-up tables or from first principles, are lumped components, that is, they are
considered to be ideal. In the real world these components occupy three-dimensional
space. A consequence of this three dimensional space is the production of components
which have unwanted internal distributed resistance, reactance of opposite sign to the
wanted, plus unwanted reactive coupling both internally and with other components in
their surrounding environment.

For capacitors the main problem areas are distributed plate inductance and the self-
inductance of the component connecting leads; in inductors it is the distributed
capacitance between turns. Capacitors and inductors have distributed resistance; they also
have magnetic and electric coupling both internally and to other surrounding components.
Inductors, because of their larger physical size, tend to be more sensitive to their installed
environment. Figure 1.2 shows the basic models used for the reactive components
throughout this text.

At low RF. frequencies the unwanted internal reactance is usually swamped by the
component’s desired characteristics. As the frequency is raised, the desired characteristics
are more seriously degraded by the unwanted distributed reactance of opposite sign. A
point will eventually be reached where the wanted and unwanted reactances will be equal
in magnitude but of opposite sign. This is the component’s self-resonant frequency.
Raising the frequency beyond the self-resonant point changes the sign of the reactance, i.e.
inductors behave like capacitors and capacitors like inductors. This is a very important
characteristic of reactive components at R.F. frequencies which has serious ramifications in
component selection and in filter construction techniques.
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RP(C)

RS(C) LS{C)
+ =~ —D—’“’ji)-]-

c c

C = TRUE CAPACITANCE
RS(C) = DISTRIBUTED RESISTANCE OF CAPACITOR'S PLATES AND LEADS
LS(C) = SELF INDUCTANCE CAPACITOR'S PLATES AND LEADS
RP(C) = DIELECTRIC LOSS SEEN IN PARALLEL WITH TRUE CAPACITANCE
(A) EQUIVALENT CIRCUIT OF A CAPACITOR
== =z
L
L = TRUE INDUCTANCE
RS(L) = DISTRIBUTED RESISTANCE OF WIRE
CP(L) = DISTRIBUTED CAPACITANCE OF WINDING
RP{L) = LOSS ASSOCIATED WITH INDUCTANCE ENHANCING MATERIAL

(B) EQUIVALENT CIRCUIT OF AN INDUCTOR

Figure 1.2 Models of equivalent circuits for Cand L

1.1 Changes in a Lowpass Filter with Frequency

Take for example a third order L.P. (Lowpass) filter for use in the H.F. (High Frequency)
band comprising a series inductor between two shunt capacitors, figure 1.3(A). In figure
1.3(B) the circuit’s components have been expanded to show the lumped and distributed
elements. Examining the insertion loss of this filter from the -3dB point upwards in
frequency, using the model in figure 1.3(B), will show the expected increase in attenuation
until the input frequency reaches the self-resonant frequencies of the individual
components. Here, the shunt capacitors will be series resonant providing low impedance
paths to ground and the series inductor will become parallel resonant isolating the input
from the output with the resonant circuit’s high dynamic impedance. The filter’s insertion
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loss will show unexpected peaks and dips as the input signal generator is swept through
these resonances. Increasing the input frequency still further will show a gradual decrease
in attenuation.

RP(L1)

|_

CR{LY)

<l RP(C2]

(B)

cP(Lly

Ls(cy) 154C2)

()

Figure 1.3 Change in characteristics of a lowpass filter at high frequencies

The individual filter components have changed their sign and given the lowpass filter
the apparent characteristics of a highpass. This is seen in figure 1.3(C) where only those
elements that play a major role in the circuit's behaviour have been shown. With the
circuit components changing their characteristics at different frequencies it is possible to
observe, over a narrow band, a decrease in the out of passband attenuation to as little as a
few dB. Fitting this filter to the front end of a H.F. receiver would not protect the receiver
from interference caused by high power V.H.F./U.H.F. television channels, fixed and
mobile V.H.F./U.H.F. communications, navigation or radar systems.
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The following are the frequency responses of poorly constructed L.P. filters. Figure 1.4
shows the out-of-passband response of a 2 MHz 5th order L.P. filter. It was made using
half inch ferrite toroids for the inductors, 350 V silver mica capacitors and housed in a
Pomona 3301 box with an internal shield installed between the two coils. Maximum out-
of-band attenuation occurs at approximately 5.3 MHz and not at approximately 16 MHz
where the shunt capacitors were measured to be series resonant. This discrepancy is due
to unwanted coupling between the filter's components, through the incorrect use of
shielding, which masked the capacitors’ series resonances. Notice the decrease in
attenuation with increasing frequency from approximately 5.3 MHz, where attenuation is
maximum, up to 320 MHz. From 320 MHz onwards, power is being absorbed by the
toroid’s ferrite material causing an increase in attenuation with increasing frequency.

ha REF .@ dBm ATTEN 10 dB

[EXT HEF |
1@ dB/
4 —\’\/
] N
\’\-'\/\A\__/\M/
START @ Hz STOP 1@00 MHz
RES BW 1 MHz VBW 18 KHz SWP 202 msec

Figure 1.4 Out-of-band frequency response of a 2 MHz L.P. filter

Figure 1.5 is a plot of the out-of-passband response of a 28 MHz 5th order L.P. filter. It
was made using air wound coils, 350V silver mica capacitors and housed in a Pomona
3301 box with an internal shield installed between the two coils. This is another case of the
incorrect use of shielding allowing unwanted coupling between the filter's components.
The shunt capacitors’ series resonances occur at approximately 122 MHz and not at
95 MHz where the out-of-band attenuation is at a maximum. The absence of power
absorption from the coils by inductance enhancing material does allow some of their series
resonances at Ultra High frequencies to be observed. These are seen as peaks at
approximately 560 MHz, 630 MHz and 940 MHz.




/.P REF .2 dBm ATTEN 1@ dB
1@ d8/

\ NS
T -

START @ Hz STOP 1000 MHz
RES BW 21 MHz VBW 10 kHz SWP 200 msec

Figure1.5 Out-of-band frequency response of a 28 MHz L.P. filter

fp REF .@ dBm ATTEN 1@ dB
12 dB/ \

\

START @ Hz STOP 120 MHz
RES BW 1 MHz VBW 10 kHz SWP 200 msec

Figure 1.6 Out-of-band frequency response of a 72 MHz L.P. filter

DSTO-TN-0531
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Figure 1.6 shows a 72 MHz 5th order L.P. filter with the inductors wound on 0-37 inch
toroids and Philips miniature low-K 100VDC NPO capacitors all housed ina Pomona 3753
box with no shielding between the toroidal coils. The measured shunt capacitor’s series
resonance is at approximately 220 MHz and is being swamped by the unwanted coupling
between the filter’s components. Power absorbed by the toroids has damped the decrease
in attenuation with increasing frequency above 160 MHz in the stop band.

1.2 Changes in a Highpass Filter with Frequency

A third order H.P. (Highpass) filter comprising a series capacitor between two shunt
inductors will now be examined, see figure 1.7(A). Figure 1.7(B) is the model used to
analyse the circuit’s behaviour. The self-resonant frequency of the components used to
make H.P. filters are usually well above the -3dB point. Therefore, the out-of-passband
response, or frequencies below the -3dB point, will normally be well behaved with
attenuation increasing as the frequency is decreased. Increasing the input frequency
within the passband from the -3dB point will reveal the expected insertion loss up until
the self-resonant frequency of the individual components is approached. The series
capacitor becomes series resonant with its distributed inductance and has minimal effect
on the insertion loss. At higher frequencies the distributed inductance predominates and
makes the capacitor appear as a small series inductor. The series reactance now increases
with increasing frequency and increases the through path loss. The shunt inductors
become parallel resonant with their distributed capacitance and appearing in shunt with
the through path also have minimal effect on the insertion loss. Once the resonant
frequency has been traversed the distributed capacitance predominates and starts to shunt
to ground a portion of the through path signal. If inductance enhancing material has been
used in the coil, the core losses increase the filter’s insertion loss by appearing as a resistor
in shunt with the distributed inductance associated with the distributed capacitance. This
distributed inductance is more commonly known as the coil’s one-turn-effect (not shown
in the equivalent model in figure 1.2 for simplicity but covered in detail in Section 3.9.2)
and is not to be confused with the coil's much larger lumped element inductance.
Continuing beyond the component’s self-resonant frequencies increases the H.P. filter’s
insertion loss. This loss, which can be in the order of a few dB, is usually seen as an
increase in the passband attenuation with increasing frequency and usually starts several
octaves above the cut-off frequency. Figure 1.7(C) shows how the circuit appears when the
input frequency is higher than the component’s self-resonant frequencies.

As noted earlier the distributed capacitance CP(L) of a coil is not as simple as it is shown
in figure 1.7(B) but rather complex. This distributed capacitance together with the lumped
inductance of the coil form a transmission line which has a high characteristic impedance
and appears series resonant at a number of frequencies higher than the lumped inductance
L and distributed capacitance CP(L) parallel resonance. Pronounced increases, in the order
of several dB, occur in the through path loss at these series resonant frequencies. A point
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just below the shunt inductor’s lowest series resonant frequency is normally the upper
useable frequency limit of a highpass filter. This is covered in more detail in section 4.
Construction Techniques.

<l

(a) -

RPIC1}

RSI(C1) isich

c1
RS (L2}

CRILL) CP{12)

RP{L2)

Figure 1.7 Change in characteristics of a highpass filter at high frequencies

It can be seen from the above that H.P. filters are generally well behaved below their
corner frequency. Their unwanted distributed reactance is progressively swamped by the
wanted the further one moves away from the -3dB point into the stopband. Moving away
from the -3dB point into the passband and beyond the resonant frequencies of the filter’s
components, the unwanted distributed reactance of the through path increases the
insertion loss through the filter with increasing frequency. The various series resonances of
the shunt inductors creates dips in the passband response which also increase the insertion
loss. Figure 1.8 is the passband response of a 2 MHz 9th order H.P. filter; note the vertical
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scale of 2dB per division. The three dips that occur between 100 MHz and 200 MHz are
caused by the parallelling of capacitors with large differences in their series resonant
frequencies to obtain the required value of capacitance. This is covered in detail in section
2.3 Effects of Parallelling Capacitors. Notice the gradual increase in attenuation with
increasing frequency and also the dips caused by the various series resonances of the
shunt coils. The test set-up in figure 1.10 was used for the measurement.

REF .0, dBm ATTEN 1@ dB

S T N N I
jiVARRYEY AN PSS
M N

START @ Hz STOP 1003 MHZ
RES BW 380 kHz VBW 108 kHz SWP 75 msec

Figurel.8 In-band frequency response covering 9 octaves of a 2 MHz H.P. filter

1.3 Changes in Characteristic Impedance with Frequency

Filters are usually designed so that the square root of the product of their series and shunt
reactances, which is independent of frequency and is the filter’s characteristic impedance
(equation (1.3)), matches the impedance of the system it is installed in. Real world
components can have many unwanted characteristics one of which is distributed
reactances of opposite sign to their wanted which modifies their true values into apparent
values. These apparent values change with frequency. The change in components’
apparent values with frequency gives a filter's characteristic impedance a frequency
dependence and creates a corresponding mismatch between the filter and the installed
system. This mismatch increases a filter’s in-band through path insertion loss. The increase
in loss with an increase in frequency is especially noticeable in high order filters in the
V.HF. range where a component’s unwanted distributed reactance is of concern. Such
losses, which can be in the order of a few dB, could adversely affect the sensitivity of a
receiver if such a filter was installed in the aerial circuit.




DSTO-TN-0531

1.4 In Summary

Commercial off-the-shelf and in-house manufactured inductors and capacitors have
unwanted reactances of opposite sign distributed throughout their length. This unwanted
reactance changes the manufacturer’s indicated value as a function of frequency and also
creates component resonances. The impact this has on a filter’s performance can range
from minor to catastrophic depending on filter requirements and frequency range. As an
example, specific emphasis has to be placed on receiver front end filters to ensure the out
of passband attenuation and in-band insertion loss, as predicted, is achieved over a broad
range of frequencies. This prevents the degradation of system sensitivity and the
generation of spurious in-band signals through an out-of-passband signal mixing with the
firstlocal oscillator fundamental or one of its harmonics. A thorough understanding of the
two basic components, inductors and capacitors, used in the construction of passive filters
and their behaviour at R.F. frequencies is required if the filter’s ideal response is to be
approached.

All filters used in the examples in this text, except those mentioned in the examples
above, have been designed to have minimum through path attenuation, zero in-band
ripple and a characteristic impedance of 50 ohms. A special set of normalised values was
derived with the aid of ARRL Radio Designer software package. This has been done to
better observe the various in-band effects to be described and so as not to confuse them
with a filter’s designed in-band ripple. The derived normalised values for lowpass filters
are tabulated in the appendix. Conversion of normalised lowpass filter values into
highpass filters is adequately covered in standard texts on filter design and will not be
repeated here. Figures 1.9 and 1.10 are the test set-ups used to measure the filter’s through
loss characteristics. The 10dB pads were fitted directly at the filter’s input/output
terminals. Figure 1.11 is the set-up used to measure the filter's Z;; parameters.

0dBm
SIGNAL -10dB PAD FILTER -10dB PAD SPECTRUM

GENERATOR ANALYSER

Figure 1.9 Test set-up used to measure filter's in-band frequency response

11
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0dBm
SIGNAL FILTER SPECTRUM

GENERATOR ANALYSER

Figure1.10  Test set-up used to measure filter's out-of-band frequency response

NETWORK
ANALYSER

FILTER 50 OHMS

Figure1.11  Test set-up used to measure filter’s variation in Zy with frequency

12
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2. Capacitors

Capacitors used in the construction of R.F. filters are usually off-the-shelf devices
obtainable in various:-

dielectrics

voltage ratings

shapes

tolerances, and
temperature coefficients.

* & & & o

The most common types of capacitors used for R.F. work are polystyrene, mica, ceramic,
porcelain and the bush capacitor.

Polystyrene :- Polystyrene has a softening point of 80°C and therefore these capacitors
are not suitable in environments where considerable heat is being dissipated; it is also
affected by greases and solvents. Polystyrene capacitors are temperature stable, have
extremely low series resistance which gives them high Qs and this makes them ideal for
filters, timing and tuned circuits. Their rolled construction exposes a section of one of the
plates to the external environment. The lead which connects to this plate is usually marked
with a band or stripe. When installed in a circuit the lead marked with the band is
connected to earth or to the part of the circuit that is closest to earth potential. This
minimises unwanted capacitive coupling to the surrounding components. Care has to be
taken in the soldering of polystyrene capacitors. Heat from the soldering iron conducted
through the component’s leads can distort the dielectric film and change the capacitance
value. If sufficient heat is applied, a plate to plate short can develop. Polystyrene
capacitors have a frequency range up to the upper part of the V.H.F. band.

Mica :- The mica capacitor exhibits excellent characteristics under stress of temperature
variations and high voltage applications. They are ideal for transmitter output filters up to
low band V.H.F. frequencies. The frequency limitation is due to the finite thickness of
sheets that can be readily cleaved from the raw material. This constraint results in the
requirement of large plate surface area to overcome the low relative dielectric constant,
with a consequential increase in distributed plate inductance and lowering of the self-
resonant frequency. Mica capacitors are insensitive to variations in capacitance with
applied voltages and exhibit Qs in excess of 1,000. Silver mica capacitors have the highest
Qs and are temperature stabilised at approximately 20 parts per million per degree
Centigrade.

Ceramic :- Typical applications for the low dielectric constant types (<250) are filters,
tuned circuits, timing circuits etc. with a frequency range extending into the V.H.F. range

13
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for wire leads to well into the microwave region for surface mount types. An applied
voltage has little effect on the capacitance. Ceramic dielectrics are non-hygroscopic and
can operate at relative humidities up to 95 percent. This makes it ideal for use in capacitors
for tropical environments. A problem can arise when pure silver is used for the end
metallisation of monolithic chip capacitors. When a DC voltage is applied across a silver
chip capacitor in the presence of high humidity, the silver in the end terminations migrates
across the ceramic dielectric’s outer surface decreasing the DC resistance. The introduction
of palladium into the end metallisation forms an alloy with the silver and reduces the
tendency of the silver to migrate under these conditions. In medium to high dielectric
constant types (>250), usually used for R.F. coupling or bypass, the capacitance is sensitive
to applied voltage and in some cases show piezoelectric effects.

Porcelain :- Porcelain capacitors are highly stable under extremes of voltage,
temperature, time and frequency. Their high Qs make them ideal for high power, high
current applications. They are useful well into microwave frequencies when used in the
surface mount form to avoid lead inductance.

The Bush Capacitor - A high voltage R.F. capacitor of the feed-through type which is
ideal as a shunt capacitor in a lowpass filter is described in (ref. 18 pp.294) and in detail in
(ref. 19). This bush capacitor, which gets its name from the type of construction (figure
2.1), is reported to have Qs in excess of 2500 to 4 GHz and R F. capabilities at greater than1
KV and 10A. The capacitor is manufactured in-house, is of bulkhead design using circular
metal disks with a low value of resistivity as capacitor plates and TEFLON or ruby mica as
the dielectric material. The circular metal disks should be polished on all sides and have
rounded edges. This reduces the power loss through ionisation of the air surrounding the
outer surface of the plates when operated at high R.F. voltages. The R.F. current fanning
out in a 360 degree pattern from the centre terminal provides the shortest path to ground
thus keeping the internal distributed inductance low. The bolt used to sandwich the
assembly should be of a non-ferrous material of low resistivity such as brass. Capacitance
range, typically 20pF to 150pF, is dependent on the geometry of construction, the dielectric
constant and thickness of the insulating material used.
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Bulkhead/chassis

TEFLON disk

aluminum disk
polish both sides
remove all sharp edges

aluminum disk
polish both sides
remove all sharp edges

Terminal Terminal

Brass Bolt
and Nut

§ dielectric
N material

Figure 2.1 Teflon Bush Capacitor

2.1 Effects of Distributed Resistance

If a true capacitor connected in series with a low ohmic resistor is placed across the
terminals of an LCR bridge, and the bridge’s indicated capacitance plotted as the analysing
frequency is varied, it will be seen that the capacitance value does not change with
frequency, but remains constant. Even increasing the value of resistance to several
hundred ohms will have no effect on the capacitance reading of the LCR bridge. The low
ohmic resistor is normally distributed throughout the capacitor’s plates and connecting
leads and the presence of this distributed resistance increases the impedance presented by
the capacitor and reduces the capacitor’s effectiveness when used in a circuit. If the
reactance of the capacitor is many times larger than the value of distributed resistance then
the effects of the resistance can be ignored.

The distributed AC and DC resistance of a capacitor may however be of concern when
used in power circuits. The voltage rating of an R.F. capacitor at low frequencies is the
voltage at which the dielectric breaks down and an arc forms between the two plates. At
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higher frequencies the dielectric losses increase, absorbing some of the R.F. energy and
dissipating it as heat thereby raising the capacitor’s temperature. The capacitor’s voltage
rating is therefore reduced as the frequency is raised lowering the power absorbed by the
dielectric in order to keep the operating temperature of the capacitor below its permissible
maximum. If most of the losses are contained within the dielectric material, the voltage
rating will be inversely proportional to the square root of the frequency. The increase in
A.C. resistance of the capacitor’s plates and leads with frequency accelerates the reduction
in voltage rating with increasing frequency.

The following equation can be used to calculate the impact the distributed resistance seen
in series with the true capacitance has on reducing the effectiveness of a capacitor with
increasing frequency. The formula can be derived by considering impedances in the
complex plane. Magnitude only is considered due to the second-order nature of the
distributed resistance.

C, ¢

= 1)
" lvani Ry C

where: C, = capacitance required to obtain a reactance of the same ohmic
value as the impedance of a true capacitor and resistor in series
at frequency f (F)
C = true capacitance measured at some low frequency (F)
Rs) = distributed resistance seen in series with C (Q)
f= frequency (Hz)

2.2 Effects of Distributed Inductance

Parallel plate capacitors have distributed plate inductance and lead inductance if leads are
fitted. This distributed inductance and the true capacitance form a series circuit which
becomes resonant at some high frequency. Even surface mount or chip capacitors become
series resonant if employed at a sufficiently high radio frequency. This is due to their finite
physical length plus some inescapable residual inductance inherent in the manufacturing
process. The self-resonant frequency, which is very dependent upon the capacitor’s body
length and the lead length, represent a point where the capacitive reactance has dropped
to zero; that is, the component no longer behaves as a capacitor. Tables 2.1 to 2.3 show the
frequency at which various commonly used capacitors become resonant.




Table2.1: Measured self-resonant frequency of 350 V SM capacitors 5mm lead length.

Table 2.2: Measured self-resonant frequency of 350 V red dipped SM capacitors 5mm lead

Capacitance Frequency
(pF) (MHz)
120 131
390 62
560 50
680 49
150 32
220 26

length.
Capacitance Frequency
(pF) (MHz)
110 135
330 76
510 55
1600 31

Table2.3: Measured self-resonant frequency of Philips miniature low K 100 V NPO ceramic

capacitors 5mnt lead length.

Capacitance Frequency
(pE) (MHz)
18 422
56 213
100 143

DSTO-TN-0531

If a capacitor’s series resonant frequency is a point where it no longer acts as a capacitor
then, between the frequency at which the manufacturer has stated the capacitance value
and the frequency of series resonance, there are apparent changes in the value of
capacitance. These apparent changes in capacitance with frequency will now be examined.

Atlow and moderate frequencies the reactance of the distributed inductance associated
with the capacitor is negligible, butat very high frequencies it becomes increasingly more
significant. The distributed inductive reactance and true capacitive reactance are
subtracted to give the apparent reactance at the frequency of interest, equation (2.2).

17
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, . 1
anpp = 127ﬂ.\'((') - 72_7975 (2:2)

where:  jXu, = apparent reactance (Q)
C = true capacitance measured at some low frequency,
usually 100KHz (F)
Lsicy = distributed lead and plate inductance seen in series
with C (H)
f= frequency (Hz)

This causes the apparent capacitance, deduced purely in terms of the measured reactance
value of the series combination of the true capacitance and the distributed inductance as
observed at the terminals, to increase markedly above the labelled capacitance value.

Take for example a 1200pF Silver Mica 350 V capacitor with 5mm lead lengths. The self-
resonant frequency was measured using an H.P.4191 R.F. Impedance Analyser and found
to be 36.3 MHz.

1

X(. = ;—2—;9;5 (2.3)

where:  X¢ = capacitive reactance ()
C = capacitance (F)
f= frequency (Hz)

By calculation, equation (2.3), the capacitive reactance of a 1200pF capacitor at 36.3 MHz
is 3.654 ohms. However, the reactance at this frequency was measured and found to be
zero ohms, signalling the significant impact of the series distributed inductance. A search
in frequency on the Impedance Analyser showed that 3.654 ohms reactance pertains at
approximately 22.4 MHz. By calculation again, (rearranging equation (2.3)) the capacitance
value that will produce a reactance of 3.654 ohms at 22.4 Mhz is 1945pF. This is a 62%
increase on the manufacturer’s specified value of 1200pF, and demonstrates the impact of
the distributed inductance in giving the true capacitance an apparent value of capacitance.

The distributed inductance is readily calculated from the capacitor’s series self-resonant
frequency where Xiso and Xc are equal. Xc was calculated from the manufacturer’s stated
capacitance. In the case of the 1200pF capacitor, this distributed inductance was
approximately 16nH. A 100 times increase in capacitance from that stated by the




DSTO-TN-0531

manufacture at some low frequency up to a frequency just below the component’s series
self-resonant frequency is typical. Figure 2.2 is a plot of the measured capacitance versus
frequency for the 1200pF capacitor used in the example. This plot shows a change in
capacitance from 1200pF at 1 MHz to 0.4uF at approximately 36.2 MHz.

The apparent capacitance seen looking into the two terminals of a capacitor at some
frequency below its series self-resonant frequency is (ref.22 pp120):-

c
C, =——s5—— 24
W -4 2Ly C 24

where: Gy, = apparent capacitance (F)
C = true capacitance measured at some low frequency,
usually 100KHz (F)
Ls(cy = distributed lead and plate inductance seen in series
with C (H)
f=frequency (Hz)

nF
1000
100 =
T
I
/
10 ,I/
I —
1
0 10 20 30 40
MHz

Figure 2.2 Meastred apparent capacitance versus frequency for a 1200pF 350 V 1% Silver
Mica capacitor with 16nH distributed inductance (5 mm lead lengths)

Equation (2.4) was used to generate the plots of figures 2.3 to 2.5. Realistic values of
distributed lead and plate inductance have been chosen to highlight typical increases in
apparent capacitance versus frequency. This emphasizes the need to measure a capacitor’s
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value after the component’s leads have been cut to the required length at the frequency at
which it is being used. For filters, this is normally the cut-off frequency or -3dB point.

pF
100,000 Z
I f
I 1
I
10,000 : F /
7 = =
7
]
////
1,000
30 35 40 45 50 55 60

100
0 5 10 15 20 25
MHz

Variation in apparent capacitance ofa 1200pF capacitor with (left to right) 32nH,

Figure 2.3
16nH and 8nH distributed inductance

pF
100,000
i
10,000 é = ’ ]
T
7
] ]
1,000 ——— '/ ’/ /
/’ -
pl
100
80 100 120 140 160 180 200

10
0 20 40 60
MHz

Variation in apparent capacitance of a 120pF capacitor with (left to right) 32nH,

Figure 2.4
16nH and 8nH distributed inductance
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pF
100,000 - —>-+°-——r—
10,000 —==—a———"r— —_—
1,000 E%E% :
i F f
100
10 == -

] 50 100 150 200 250 300 350 400 450 500 550 600
MHz

Figure 2.5 Variation in apparent capacitance of a 12pF capacitor with (left to right) 32nH,
16nH and 8nH distributed inductance

If an LCR bridge covering the frequency range of interest is unavailable, C,, can be
estimated with equation (2.4) using the assumption of 20nH per inch for the component’s
lead length plus a few nH for the distributed plate inductance. Figure 3.2 can also be used
to find the self-inductance for various lengths of the average wire diameter (0.82 mm) used
by manufacturers in the production of 350 V silver mica R.F. capacitors.

Itis not uncommon to see capacitor values being used in real filter circuits above 30 MHz
that are less than those called for in the numerical design. This difference, which is caused
by the effects the capacitor’s distributed inductance has on its true capacitance
materializing as an apparent capacitance which changes with an increase in frequency, can
be minimised by keeping lead lengths short or by using surface mount components. In
either case, if PCB construction is used, attention has to be paid to the distributed
inductance of the printed circuit tracks.

2.2.1 Behaviour of capacitors above their self-resonant frequencies

Equation (2.2) was algebraically manipulated to obtained equation (2.5) which is used to
calculate the value of inductance presented by a capacitor at frequencies above the
capacitor’s series self-resonant frequency.
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L,,=L !
o = Lo "\ e e (2.5)
where: Ly, = apparent inductance (H)
C = true capacitance measured at some low frequency,
usually 100KHz (F)
Lsc) = distributed lead and plate inductance seen in
series with C (H)

22

f= frequency (Hz)

2.3 Effects of Parallelling Capacitors

Quite often the component values called for in the numerical design are not preferred
values. In such cases, it is common practice to parallel preferred values together to achieve
the desired value. This practice, which is frowned on in some texts, is acceptable provided
certain precautions are taken. For example, if the design called for a 1100pF capacitor, this
could be obtained to within a few percent by parallelling the various capacitors as
depicted in Table 2.4. The measured series self-resonant frequency of the capacitors used
are also listed. A problem arises when using two capacitors with vastly different series
self-resonant frequencies.

Figure 2.6(D) is the test set-up used to measure the through path loss of the two
capacitors in parallel. Figure 2.6(B) is the model used to examine the frequency response of
the circuit. If two identical capacitors being used have the same lead length then they will
both have approximately the same series resonant frequency. When the signal generator is
swept from some frequency below the series resonance to some frequency above, the two
capacitors will change from being capacitive to inductive at about the same frequency. If
however there is a difference in the two self-resonant frequencies, then as the signal
generator frequency is increased there will be a portion of the sweep where the capacitor
with the lowest self-resonant frequency will appear inductive while the other is still
capacitive. This creates a parallel resonant circuit as seen in figure 2.6(C) and causes a dip
in the frequency response. The size of the dip at parallel resonance is proportional to the
L/C ratio which is proportional to the difference between the two capacitors’ series self-
resonant frequencies. This is clearly seen in Table 2.4. A plot of the measured through path
loss versus frequency for the 100pF, 1000pF combination is shown in figure 2.7. The signal
generator output level was -1dBm.
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Table2.4: Measured through path loss of the parallel resonant circuit formed by the parallel
pairing of capacitors with differing series self-resonant frequencies. Capacitors are 350
VDC silver mica with lead lengths approx. 7nm,

Capacitance Self Series Resonant | Combined Parallel Through Path Loss
Parallelled Frequency Resonant Frequency at P.R Freq.
(pF) (MHz) (MHz) (dB)

560 53.41

69.7 -0.05
560 51.5
470 62

72.58 -0.2
600 51.6
390 63.24

72.75 -0.82
700 45.33
270 79.03

82.17 -4.0
820 43.1
100 134.37

117.8 -8.4
1000 42.33

The model shown in figure 2.6 (B) indicates a degree of magnetic coupling between the
two distributed inductors. The coefficient of coupling “k ” is dependent upon the
proximity of the two capacitors with respect to one another. The closer the two capacitors
are the larger the value of “k ”. Typical values for “k ” are in the range of 0.2 to 0.3. This
mutual magnetic coupling between the two capacitors has the effect of lowering the
distributed inductance and increasing the components’ series self-resonant frequencies.
This is readily seen in Table 2.4 in the first four entries where the combined parallel
resonance is higher than the highest series self-resonant frequency of either of the two
capacitors in parallel. In the 100pF,1000pF combination, if there was no coefficient of
coupling, parallel resonance would occur at approximately 100 MHz and not 117.8 MHz
where it was measured.
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[ o o | { s

Figure 2.6 Model and test set-up used to measure through path loss of capacitors in parallel

Equations (2.4) and (2.5) can be used to find the Lapp/ Capp ratio of the parallel resonant
circuit keeping in mind the reduction in Ls.) via “k ”, the coefficient of coupling. The value
of mutual inductance (Lu), which is subtracted from the distributed inductance (Ls«) is
found using equation (2.6).

L, = k\/ LS(('I)LS(('Z) (2.6)

where: Ly = mutual inductance
k = coefficient of coupling (for capacitors intentionally mounted in
very close proximity, usually between 0.2 to 0.3)
Ly = distributed inductance seen in series with C1
Ls(cz = distributed inductance seen in series with C2
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If the 100pF,1000pF combination was used in a low pass filter in the H.F. band where it
was required to shunt to ground the out of passband signals, a localised decrease in
attenuation would occur at approximately 117.8 MHz. If this same combination was used
as a highpass filter from somewhere in the H.F. band upwards, a localised increased in the
through path attenuation would occur at approximately the same frequency. Table 2.4
shows that only preferred values within one increment of each other possessing the same
distributed inductance should be parallelled together and that caution should be used if
any other combination is used. Figure 1.8 is an example of a 2 MHz Highpass filter in
which three localised unwanted increases in passband attenuation occur between
100 MHz and 200 MHz. These dips in the response are caused by the paralleling of
capacitors with large differences in their series self-resonant frequencies.

@7 RER -22.@ dBm ATTEN 10 dB
e

2 a8/ /\~L/"———P ~ r‘*\EXT Fffr

START @ Hz STOFP 200.8 MHz
RES BW 100 kHz VBW 30 kHz SWP 150 msec

Figure 2.7 Measured through path loss of a 100pF and 1000pF capacitor in parallel

2.4 Effects of Capacitors in Series

Theory shows that it is possible to connect capacitors in series to obtain non-preferred
values. It has already been demonstrated, via equations (2.4) and (2.5), the impact
distributed inductance has on the true capacitance. Connecting capacitors in series
effectively doubles the distributed inductance. The effect this has on the true capacitance
of capacitors connected in series is best seen by comparison. Figure 2.8 is a plot of the
measured changes in apparent capacitance with frequency for three methods of obtaining
the value of 110pF; all capacitors are 350 V silver mica with 5 mm lead lengths.
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Moving from left to right, the first trace, which goes through resonance atapproximately
106 MHz, is two 220pF capacitors connected in series, the next is a single 110pF capacitor
and the third is two 56pF in parallel. Of the three techniques used to obtain the value of
110pF, connecting capacitors in series is by far the most undesirable. It exhibits the lowest
series resonance and hence undergoes the greatest change in apparent capacitance for a
given frequency range than the other methods. This is due to the summation of the
distributed inductance of both capacitors. It is interesting to note that of the techniques
presented, the two parallel capacitors of equal value with the highest possible coefficient
of magnetic coupling between them have the best performance. This is due to the negative
mutual inductance between both components lowering each others distributed
inductance.

pF
2,000
1,500 I /
1,000 I
500 : / //1
1]

O 10 20 30 40 50 60 70 80 90 100 110 120 130 140
MHz

Figure 2.8 Comparison of three methods of realising a 110pF capacitor.
Left 2x220pF in series, centre 110pF, right 2x56pF in parallel

2.5 Summarising Capacitors

All capacitors are supplied from the manufacturer with their true capacitance, measured at
some low frequency, indicated on them. This true capacitance is modified in the frequency
domain by the component’s distributed resistance and inductance. The distributed
resistance is usually extremely small and is swamped by the effects of the distributed
inductance. Most of this inductance is contained in the leads. Unless there are specific
reasons for having leads a particular length, (for example, enhancing out-of-band rejection
at a particular frequency by making a shunt capacitor series resonant) all lead lengths
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should be kept as short as possible. This includes any PCB tracks or wiring used to connect
the capacitor to the rest of the circuit.

Connecting capacitors in series to obtain a non-preferred value is to be discouraged. It
increases the distributed inductance, lowers the series self-resonant frequency and has
adverse affects on the apparent capacitance with frequency.

All capacitors used in the construction of R.F. filters should have their apparent
capacitance measured at the filter’s cut off frequency (-3dB point) after the component’s
leads have been cut to length. If an LCR bridge is unavailable, equation (2.4) can be used to
estimate the capacitance at this frequency.

Capacitors connected in parallel to obtain non-preferred values should be:-

a.  Equal in value or within one increment in preferred value of each other. This
minimises the spot frequency attenuation of through path signals brought
about by the formation of a parallel resonant circuit in series with the path.

b.  Installed as close together as possible in order to maximise the magnetic
coefficient of coupling. This has the effect of reducing the distributed
inductance through mutual induction, raising the series self-resonant
frequency of the individual capacitors and lowering the apparent capacitance
to bring it closer to the true capacitance. If chip capacitors are used they
should be pyramidally stacked, that is, the smaller of the two sitting on top of
the larger. The reasons for this will be covered in section 4. Construction
Techniques.

As arough rule-of-thumb, a capacitor can only be trusted to have its labelled capacitance
value for frequencies less than approximately one third the frequency of its series
resonance.
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3. Inductors

Unlike capacitors which are usually off-the-shelf components, inductors are normally
fabricated in-house to meet requirements. Some of the factors which influence the physical

design are:-

¢

¢

¢

size constraints dictated by the filter order and maximum volume
the filter can occupy.

required inductance.

power handling capability.

the desired Q.

frequency range of operation.

inductance enhancing materials used, iron powder or ferrite.
reduction in p (permeability) of inductance enhancing materials
used by passing D.C. currents through the inductor windings. e.g.
remote active antennas or mast head pre-amplifiers.

temperature stability.

self-capacitance of coil.

An understanding of the physical nature of inductance is required when constructing
coils for any LC filter. This then will be the starting point. More detailed information can
be obtained from the various cited references.

The following laws and rules relating to magnetic flux have been reproduced here for
convenience. They will be found useful in understanding the effects time varying
magnetic fields have on conducting mediums.

Faraday'’s law: The voltage induced in a circuit is proportional to the rate at which
the magnetic flux linkages of the circuit are changing.

Lenz’s law: The current induced in a circuit due to a change in its magnetic flux is in
such a direction as to oppose the change in flux.

Left-hand rule for a current-carrying wire: If the fingers of the left hand are placed
around the wire in such a way that the thumb points in the direction of electron
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flow, the fingers will be pointing in the direction of the magnetié field produced by
the current flow in the wire.

Left-hand rule for induced currents: The thumb and fingers of an open left-hand are
placed at right angles on the same plane. If the fingers point in the direction of the
magnetic lines of flux and the palm is facing the direction in which the lines of flux
are travelling as if it were pushing the lines of flux in that direction, then the
extended thumb points in the direction of the induced electron current flow.

3.1 Magnetic Field Surrounding a Wire

A quantum of charge travelling at constant velocity, relative to a stationary observer, is
surrounded by concentric circles of magnetic lines of flux centred on the trajectory and
perpendicular to it. An electron is a quantum of charge and therefore, it is reasonable to
say that an electron travelling at constant velocity is surrounded by magnetic lines of flux.

A conductor is a material inside which electric charges can flow freely. In the absence of
an electric field, the directions in which the electrons move is completely random. The
summation of the lines of magnetic flux from the thermal agitation of the random motion
of electrons is a zero average magnetic field. When an electric field (E) is placed across the
ends of the conductor, the electrons modify their random motions in such a way that they
drift slowly, with an average drift velocity, in the opposite direction to that of the applied
electric field. This drift velocity is much less than the effective average velocity of the
electrons in random motion. The drift in the random motion of electrons, brought about by
the electric field, gives rise to an electric current (i). This current in turn produces
concentric circles of magnetic lines of flux perpendicular to the applied E field.

The concentric circles of magnetic lines of flux surrounding a wire in which a current is
flowing, as seen in most text books, are not as simple as the diagrams might imply. These
magnetic lines are contour lines connecting equipotential points where the summation of
the various lines of flux centred on their corresponding electrons moving under the
influence of an E field are equal. The magnetic field surrounding a conductor is therefore
the summation of the magnetic fields surrounding every electron that is free to move and
is also under the influence of an applied E field.
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The magnetic field (H) surrounding a cylindrical wire is:-

Jdsxr
dH =i—; (3.1)
r
In the terms of the notation of Figure 3.1.
_sin s
dH=i—; (3.2

where: i = current flowing in element ds of wire.
ds = vector element of length along the wire.
r = distance between ds and point P where H is being

determined.
6= angle between r and element ds.

Equations (3.1) and (3.2) are known as the Biot-Savart law. The two points to note in
equation (3.2) are the magnetic field is proportional to i and inversely proportional to the

square of the distance.

r
wire —_
P
i
ds (current)
Figure 3.1 Definitions of terms used in equation (3.2)
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3.2 Self-Inductance of a Straight Wire and a Single Turn Loop

The self-inductance of a round wire can be calculated using the following formulas
obtained from (ref.9 pp.261). It shows that inductance is dependent upon wire diameter
and length and is almost independent of frequency.

L =0.002/| log e2 ——:I:I at low frequencies (3.3)
L ¥

L =0.002/ logeg£ - IJ at high frequencies (34)
L r

where: L = inductance in pH
[ = length in centimetres
r = radius of round wire in centimetres

The self-inductance of a 0.82 mm diameter copper wire at various lengths was calculated
using equation (3.4) and the results are seen in figure 3.2. This is the average diameter of
lead wires used by various manufacturers of high voltage (350 V) mica and ceramic
capacitors. Figure 3.2 can therefore be used to estimate the capacitor’s lead inductance.

nH

50

40 /

30

20

v

10

0 0.5 1 1.5 2 25 3 35 4 4.5 5
Length in cm

Figure 3.2 Calculated inductance of a 0.82 mm dia. wire
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The self-inductance of a single turn circular loop can be calculated using the following
equation (3.5) obtained from ref. 30 pp6-9.

N R 16F N
L= 5—51(3.19)L0g87~6.386) (35)

where: L = inductance (uH)
r = mean radius of single turn loop (cm)
d = diameter of wire (cm)

3.3 Inductance of Coils

A coil is normally constructed of circular loops of wire connected in series on a common
axis and mutually coupled to one another. Factors that influence the inductance of coils
are:-

wire gauge and type,

coil diameter and length,

turns per inch,

core permeability,

proximity of surrounding enclosure used for shielding,
distributed capacitance both internal and to other components.

* & ¢ ¢ oo

Inductors differ from capacitors in that they are more susceptible to their installed
environment. This is primarily due to their larger physical size which increases the electric
and magnetic coupling both within themselves and to their surrounding components. Itis
for this reason that the high frequency resistance and inductance of coils cannot be
accurately calculated and should be measured at the desired frequency, ideally in a
simulation of its installed environment. Any formula used to calculate inductance should
therefore be treated as a guide, an approximation only. There have been many attempts to
minimise the error between calculated and measured inductance over time yielding
equations that become quite tedious; ref.1 being a good example.

3.4 Air Wound Coils

Equation (3.6) is Wheeler's formula for calculating the approximate low frequency
inductance for short air wound coils in which the values of [ are between one tenth of r
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and two thirds of r. Note the inductance varies as the square of the turns, i.e. if the number
of turns is doubled, for a given [ and , the inductance is quadrupled.

~ 2.2
= 0.324)‘ n (36)
(9 - ——)r +10/
51

where: L = low frequency inductance (uH)
r = coil radius (cm)
I = coil length (cm)
n = number of turns

Where ! is greater than two thirds of r equation (3.6) simplifies to:

_ 0.394725%
9r+10/

Wheeler’s formula does not take into account the variation in a coil’s inductance with
wire thickness. The formula given below, due to Reyner (ref. 28), gives the inductance of
normal air wound coils to within a few percent. If the wire used to construct the coil is of

appreciable thickness an additional correction factor is introduced by the second part of
the expression.

_02n°D* D-225
~ 35D+8! D

(3.8)

where: L = low frequency inductance (uH)
D = outside diameter of coil (inches)
[ = coil length (inches)
n = number of turns
t = winding thickness (inches)
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3.5 Effects of Distributed Resistance

The D.C. and A.C. resistance of a coil seen in series with the true inductance increases the
effective inductance with decreasing frequency. Coils used for filters in the H.F. and
V.H.F. bands are usually made from short lengths of wire and the wire gauge is chosen to
maximise the Q. The resistance of the wire is therefore small and the effect it might have
on an inductor with frequency is swamped by the coil’s distributed capacitance. Itis only
at M.F. frequencies and below where long lengths of fine wire are used to manufacture
coils that the effects of distributed resistance need be considered. The following formula
can be derived by considering impedances in the complex plane. Magnitude only is
considered due to the second-order nature of the distributed resistance.

2
— RS(L)
Ly =Lyl + T T (3.9)
h L

where: Lys= inductance required to obtain a reactance of the same
ohmic value as the impedance of a pure inductor and a
resistor in series at frequency f (H)
L = true inductance (H)
Rsu = distributed resistance both D.C. and A.C. seen in series
with L (Q)
f= frequency (Hz)

3.6 Effects of Distributed Capacitance

The distributed capacitance of an inductor, both internal between the windings and to the
surrounding components, changes the apparent measured inductance with frequency.
Equation (3.10), (ref.30 pp13-17), can be used to show the variation in measured apparent
inductance with frequency. It assumes the self parallel resonant frequency of the coil, from
which the distributed capacitance can be calculated, and the true inductance, measured at
some low frequency where the distributed capacitance has minimal effect, are known.

1
L =L ———— 3.10
o [1 -4z’ szC,,(,_)] (3.10)

where: L, = apparent inductance (H)
L = true inductance measured at some low frequency (H)
Cpw) = distributed capacitance seen in parallel with inductor L (F)
f= frequency (Hz)
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Equation (3.10) becomes quite inaccurate for frequencies closer than half an octave below
self-resonance. It does not take into account the reduction in inductance to zero at the self-
resonant frequency. This can be corrected by applying equation (3.11) to the results of
equation (3.10).

L
L, — app (3.11)

where: Ly = corrected apparent inductance (H)
Lypp = apparent inductance derived from equation (3.10), (H)
Q = figure of merit of the self parallel resonant circuit formed by the
distributed capacitance Cp(y and the true inductance L
f= frequency used to calculate Ly, (Hz)
fi = self-resonant frequency of inductor (Hz)

The variation in apparent inductance with frequency becomes noticeable in highpass
filters where inductors are connected in shunt to the through path. If the inductance
required is measured at the cut off frequency, the apparent inductance will increase with
increasing frequency causing a subtle change in characteristic impedance of the filter the
further one moves into the passband. This mismatch in impedances between the filter and
its terminations, which results in a small increase in expected in-band insertion loss
normally seen as an increase in in-band ripple with increasing frequency, can be reduced
by measuring the inductance of the coils to be used at a frequency approximately one to
two octaves into the passband. This usually results in a coil whose apparent inductance at
the cut off frequency is slightly less than the numerical design. The improvement in
passband performance normally outweighs the subtle changes that occur in the filter’s cut
off frequency. A coil’s distributed capacitance can be reduced by winding the shunt coils
with finer wire and slightly increasing the turns spacing. This will raise the coil’s self-
resonant frequency and extend the useful upper frequency response of the highpass filter.

Fine adjustment of the inductance of an air wound coil is usually carried out through
compressing or stretching the turns. This has the effect of changing the length / in equation
(3.6) and hence altering the inductance. Figure 3.3 shows the variation in measured
inductance of a 5 mm diameter coil of 15 turns when ! was varied between 9 mm to
25 mm. It can be seen that the greatest change in inductance occurs when the turns are
close together. This is due to the inverse square law nature with distance of the magnetic
field surrounding the wire used to construct the coil, equation (3.2). Mutual coupling
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between the individual loops of the coil is therefore the greatest when the turns are
separated by the wire’s enamel insulation only.

nH
600 T ‘ ! ‘

500

400 , ‘ ,

300 e — : \
. : i

200 : ?
9 11 13 15 17 19 21 23 25

coll length in mm

Figure 3.3 Variation in measured inductance of 15 turns of 0.51 mm wire 5 mm dia coil of
varying length. Test frequency 10 MHz

A coil originally designed for a low phase noise VFO in the H.F. band will be used to
demonstrate the effects predicted in equations (3.10) and (3.11). This coil would also be
ideal for use in a 2 MHz fifth order medium power L.P. filter. The dimensions of the coil
are given in figure 3.4 and these were used in equations (3.7) and (3.8) to calculate the
inductance. The calculated inductance was 6.696uH and 6.576uH respectively as opposed
to the measured 6.235uH at 1 MHz. Figure 3.4 is a plot showing the measured effects with
frequency the 1.233pF of distributed capacitance has on the inductance of the 6.235uH air
wound coil. Capacitive coupling to the surroundings was kept to a minimum. Figure3.5is
the results of equation (3.10) when applied to the 6.235uH inductor with 1.233pF
distributed capacitance. This capacitance was calculated from the inductance measured at
1 MHz and the coil’s self-resonant frequency. Note the similarity of figure 3.5 to figure 2.2
which depicts the change in apparent capacitance of a capacitor with frequency. Figure 3.6
shows the correlation between the measured apparent inductance (HP-4191A) and the
results of equation (3.11). The difference between the two plots is attributed to the
Jimitations of the testequipment. The Q of the parallel self-resonant circuit was calculated
from a measurement of the dynamic resistance (Rp) at resonance and the reactance of the
true inductance (X..) at this frequency. The relationship between the two to obtain the
value of Q is:-

R
Q=-= =6.8 (312)
X
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wire: 1.5mm PTFE outer over tmm silver plated copper
coil: 6.235uH, 42mm long, 22mm diameter, 27 turns

uH
25

- /
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5
0
0 5 10 15 20 25 30 35 40 45 50 55
MHz
Figure 3.4 Variation in measured apparent inductance with frequency of an air wound

6.2351H coil with 1.233pF distributed C

wire: 1.5mm PTFE outer over 1mm silver plated copper
coil: 6.235uH, 42mm long, 22mm diameter, 27 tums

uH
10000 —

1000

= ————r—

e
10%

0 5 10 15 20 25 30 35 40 45 50 55
MHz

Figure 3.5 Variation in apparent inductance with frequency of a 6.235uH coil as calculated
using equation (3.10)
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wire: 1.5mm PTFE outer over 1mm silver plated copper
coil: 6.235uH, 42mm long, 22mm diameter, 27 turns

uH

25

TZ AL
A

10 — \

0
0 5 10 15 20 25 30 35 40 45 50 55
MHz
Figure3.6 Comparison between meastured and calculated apparent inductance using

equations (3.10) and (3.11)

Figure 3.7 shows the measured variation in effective series resistance, measured under
the condition of resonance, and the calculated Q with frequency for the 6.235uH coil used
in this example. The measured resistance between 5 MHz and 20 MHz is primarily due to
the proximity effects of adjacent turns of the coil. Beyond 20 MHz the effects of the coil’s
self resonance predominate. Figure 3.8 is a universal resonance curve for a parallel
resonant circuit. At parallel resonance there is a high dynamic pure resistance in the order
of tens of kilo-ohms whose decay from resonance is frequency and Q dependent. This is
seen as the resistance component curve in figure 3.8. The change in slope of Reerics in figure
3.7 at frequencies higher than 20 MHz is due to this increase in the dynamic resistance
with frequency which maximizes at the coils parallel resonance.




Figure 3.7

Figure 3.8
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Variation of Q (solid line left axis) and R series (dashed line right axis) with
Sfrequency for the 6.235uH coil
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3.7 Effects of Q on a Filter’s Response

The Q of a coil used in a filter has a direct effect on the filter’s characteristics. Using coils
with low Qs has the following effects on a filter’s performance.

¢ Increase in insertion loss,

¢ Decrease in the rate of attenuation roll off with some reduction in attenuation at
the highly attenuated frequencies,

¢ Attenuation at the cut-off frequency is greater than -3dB,
# The response around the cut-off frequency becomes more rounded, and

¢ Reduction in desired in-band ripple of Chebyshev filters.

Coils possessing the highest Qs should therefore be used. This can be achieved if the
following construction guidelines for air cored coils are adhered to.

(1) Use a conducting material with a wire gauge that has the lowest possible
D.C. resistance per unit length that is manageable with the size of coil to be
constructed. At V.H.F. frequencies and above tubular conductors are
effective in reducing the A.C. resistance of coils.

2) The optimum spacing of the turns, defined by the ratio d/s (wire
diameter/distance between centres of adjacent turns) is between 0.5 and 0.7
for short coils (length is less than the diameter), between 0.6 and 0.8 where
the length is approximately twice the diameter and finally between 0.75
and 0.9 for long coils.

3) For a given coil diameter and wire spacing, the maximum Q increases
rapidly at first as the coil length is increased, however further improvement
is small if the length is made greater than the coils mean diameter.

A good compromise is to make the length to diameter ratio of the coil somewhere
between 1/1 and 3/1 and then to choose the wire diameter to make the ratio d/s
approximately 0.7. Close wound coils, where the d/s ratio is less than 0.5, should be
avoided. This is because the maximum Q obtainable from a coil versus frequency is related
to the coil’s self-resonant frequency and the proximity effect of adjacent turns. The higher
the self-resonant frequency for a given inductance the greater will be maximum obtainable
Q. Close wound coils increase the distributed capacitance between turns and hence lower
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the self-resonant frequency. At the same time the closeness of the turns also increases the
A.C. resistance of the wire; this is the proximity effect. As a general rule, make the air
wound coils as large as is consistent with any shielding being used. The relationship
between coil diameter and shield dimensions with respect to a lowpass filter’s terminating
impedances will be covered in section 4. Construction Techniques.

3.71 A Word About Measuring the Q of Coils

It has been this author’s experience that the accurate measurement of a coil’s Q using
modern Impedance or LCR Bridges can be fraught with difficulties. The results tend to be
instrument specific and are generally unreliable for the frequencies and purposes under
consideration in this Tech Note. To avoid such anomalies, this author prefers the more
traditional technique of obtaining values of Q at specific frequencies of interest by
resonating the coil at each measurement spot with a high quality external capacitor. The
measurement technique using these instruments is as follows.

The coil’s reactance is cancelled by placing a capacitor, with a reactance equal to but of
opposite sign to the coil, in series with it, thus reducing the combined imaginary
components (reactance) to zero. This is the condition of resonance. A reading is then made
on the real or resistive component. The measured resistive component is then divided into
the inductive reactance of the coil’s true inductance at the measurement frequency, not the
apparent inductance. This procedure has to be repeated for every frequency at which Qs
to be measured. Only high quality capacitors possessing high Qs should be used to cancel
the reactance of the coil. This ensures the Q of the coil is measured and not the Q of the
inserted capacitor used to cancel the reactance. Silver mica capacitors are ideal for this
purpose as their Qs are typically greater than 1000. The ability of the impedance analyser
to measure low ohmic values accurately should be checked by measuring the values of
various low ohmic resistors of known value. Table 3.1 lists the measured values of effective
series resistance and calculated Q for the 6.235uH air wound coil under the condition of
resonance at the measurement frequency. ‘
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Table 3.1: Measured values of effective series resistance and calculated values of Q for the
6.235uH air wound inductor described in Section 3.6. Measurenients were carried out
on the HP-4191A RF Impedance Analyser using the resonant method.

Frequency Resistance Resonant
MHz ohm Q
1 0.2 195
2 0.33 237
4 0.54 290
5 0.62 315
10 0.965 405
15 1.3 452
20 1.6 489
24.8 2.05 473
28.3 2.5 443
33.1 3.3 392

3.8 Air Wound Coils in High Power Filters

This discussion on air wound coils is limited to coils used in series with the through path
of passive lowpass filters. Air wound inductors are:-

¢ non-saturable,

¢ relatively stable with time and temperature when compared with cored
inductors,

¢ linear, i.e. inductance does not change with respect to flux density,

# such that permeability is independent of frequency, changes in inductance with
frequency are due to the effects of distributed capacitance,

¢ the preferred coil for power circuits.

A pure inductor does not dissipate power as heat. It is the inductor’s distributed
resistance that warms it when used in power circuits. Air wound coils used in the through
path of power circuits should therefore be designed to achieve the maximum obtainable Q.
This ensures the distributed D.C. and A.C resistance is small, keeping the heat generated
within the coil’s wire to a minimum. Most insulations used on wires are poor conductors
of heat and impede the dissipation of heat generated within the wire to its environment. It
is therefore recommended that only bare wire be used for power coils. It may be necessary
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to employ forced air cooling to keep the coil’s temperature within tolerable limits.
Attention also needs to be given to the peak currents and voltages generated under
extremes of S.W.R. and the impact they have on the heat generated by the coil, voltage
breakdown between turns and voltage breakdown between the coil and surrounding
components.

Large air wound coils as used in power filters are surrounded by intense R.F. magnetic
fields when the filter is in service and the transmitter is operating. Shielding is normally
used to protect personnel and other electronic equipment from the effects of these fields.
The resistivity of the enclosure used as a shield must be low in order to ensure shielding
effectiveness and to keep induction heating of the shield to a minimum. The mechanism of
shielding is covered in section 4.3 Shielding.

3.8.1 Coils Used in Shunt With the Through Path

Coils used in shunt with the through path, i.e. highpass filters, are mainly subjected to
voltage stresses between adjacent turns and are not normally required to shunt to ground
large amounts of R.F. currents. Most of the current will be flowing through the capacitors
in the through path. Wire with high temperature insulation such as TEFLON can therefore
be used to increase the breakdown voltage between turns keeping in mind the increase in
distributed capacitance and the lowering of the coils’ parasitic resonances. Finer wire can
also be used to help offset the increase in capacitance between turns.

3.9 Toroidal Coils

The inductance of a toroidal coil, uniformly wound with a single layer of fine wire (ref.27
pp21) is:-

_0.0047N 1,11, A,
- I

¢

L (3.13)

where: L = inductance (uH)
N = number of turns
Ho = permeability of free space (1.257 x 106 H/m)
M= relative permeability of core material
A, = cross-sectional area of core (cm?)
l. = effective length of core (cm)
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Uy, A and [, are obtained form the manufacturer’s data sheets. Most manufacturers
combine f, i, A., I and any other constants that influence inductance into a single
quantity called the inductance index (Ai) for a given core. This greatly simplifies

calculations by reducing equation (3.13) to:-

The values of A; for the various toroids can be obtained from the manufacturer’s data
sheets. Iron powder cores A are usually quoted in uH/100 turns. The number of turns

needed for a required inductance is:-

where:

Table 3.2 summarises the characteristics of iron powder materials available from Amidon.
In powdered iron material, a higher Q will be obtained in the upper portion of amaterial’s
frequency range when smaller cores are used. Likewise, in the lower portion of a

A = inductance index of the toroid (uH/100turns)

N = number of turns

L=N%4,

(L
N =100 -
AL

L = desired inductance (uH)

material’s frequency range, higher Q can be achieved when using the larger cores.

Table3.2: Property Chart of Amiidon Iron Powder Materials obtained from Reference 15.

Best Q freq. Temperature
range U Material stability Colour code
(MHz) (ppm/°C)
0.05-0.5 35 3 370 grey
01-2.0 25 15 190 red/white
05-5.0 20 1 280 blue
2.0-30.0 10 2 95 red
5.0-35.0 9 7 30 white
10.0 - 50.0 8 6 35 yellow
30.0-100.0 6 10 150 black
50.0 - 200.0 4 17 50 blue/yellow
100.0 - 300.0 1 0 0 tan
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The permeability of ferrite is generally much higher than iron powder and the A value is
usually quoted in mH/1000 turns. The number of turns for a required inductance on a

ferrite toroid is:-
/ L
N =1000,/— (3.16)
AL

where: N = number of turns
L = desired inductance (mH)
At = inductance index of the toroid (mH/1000turns)

Equations (3.15) and (3.16) do not make allowances for variation in inductance with wire
gauge and therefore should be used as a guide only. A smaller diameter wire will return a
larger value of inductance than for a larger diameter of wire with the same number of
turns on the same toroid. This is very useful when using ferrite material with large
permeability where compressing and stretching the turns has minimal effect on the
inductance and the required inductance is more than the number of turns on the toroid but
less than adding one more turn. Under such conditions either use the same number of
turns using a smaller diameter wire or use a larger diameter wire adding the extra turn.
The inductance of toroids, like that of air wound coils, should be measured at the filter's
cut-off frequency.

3.9.1 Electromagnetic Flux Surrounding Toroidal Coils
There appears to be two common misconceptions about toroidal coils.

1. They are inherently self-shielding and this is due to the magnetic flux being
constrained within the core, and

2. there are no magnetic lines of flux in the hole in the centre of the toroid.

Table 3.3 lists the changes in inductance of two short lengths of wire of different
diameters when they were held against the inner and outer surfaces of 0.5 inch toroids of
various relative permeabilities ranging from 1 to 2000. The first entry is the measured self-
inductance in air and is used as a reference to which the increase in inductance is
compared. Notice the inductance of the wire at most only doubles when held against the
outside perimeter of the toroid as the permeability was increased from 1 to 2000. A
measurement carried out on the two adjacent sides showed similar results. The same wires
held against the inside surface of the toroid returned a large increase in self-inductance as
the permeability was increased. From this it can be deduced, the inductance of a toroid is
relatively evenly distributed around the individual turns of the winding for cores with low
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permeability and is progressively concentrated on the part of the turns that passes through
the centre of the toroid as the core’s permeability is increased to high levels.

Table 3.3: Increase in the self-inductance of a 4.7 mm length of 0.16 mnt and 0.6 mm diameter
ECW (enamel covered wire) neasured at IMHz when held against the inside and

outside boundaries of 0.5 inch (OD) toroids of varying u. Permeabiliy of 1is phenolic,
3 to 20 are iron powder, 40 and above are ferrite.

il Inductance of 0.16 mm wire| Inductance of 0.6 mm wire
Outside Inside Outside Inside
(nH) (nH) (nH) (nH)
air 4.3 2.5
1 4.3 4.3 2.5 2.5
3 6.2 6.7 3.4 5.2
6 7 9.7 3.9 7.2
10 7 12 41 9.6
20 8 18.2 4.6 16
40 8.3 323 4.8 29.4
125 8.4 79.2 4.9 76.2
850 8.5 351 5 339
2000 8.7 1141 5.1 1137

Self-inductance of 6T of 0.4 mm ECW close wound on sanple 0.5 incl toroids with

Table 3.4:
various permeabilities.

u l Inductance

air 141nH
1 139nH
3 291nH
6 379nH
8 460nH
10 527nH
20 768nH
40 1.31uH

125 3.02uH

850 12.54pH

2000 41.1yH
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Six turns of 0.4 mm wire were close wound on 0.5 inch toroids of various permeabilities
and their measured inductances at 1 MHz are given in Table 3.4. These toroids will be used
to examine the magnetic field distribution both in the hole in the centre of the toroid and
beyond the outer perimeter. Figures 3.10 and 3.11 show the test set-up used to measure the
magnetic fields.

A one turn pick-up loop described in figure 3.9 was used to measure the relative
magnitudes of the magnetic fields. The axis of the one turn loop was held parallel to the
axis of the six close wound turns with side AD of the one turn loop centrally located
between that part of turns three and four of the six turns that passes through the centre of
the toroid. The centre of side BC of the one turn loop lies on an imaginary line at a right
angle to the axis of both loops which starts at the axis of the six turn loop, passes between
turns three and four cutting side AD of the one turn loop and continues on to pass through
the centre of side BC. Very fine wire, 39SWG, for the one turn loop and a test frequency of
1 MHz were chosen to minimise the capacitive coupling between the two loops. The two
parts of the one turn loop that will have voltages induced into them from the six turn loop
are lengths AD and BC. Length AD will be used to measure the relative magnitudes of the
magnetic flux by measuring the induced voltage. The induced voltage will be proportional
to H and its rate of change (Faraday’s Law). The magnitude of H will follow an inverse
square law with distance provided that all mediums that H traverses have a relative
permeability of one, equation (3.2) the Biot-Savart Law. If the attenuation of the 1 MHz test
signal, via the inverse square law with distance, is kept large between AD and BC then the
voltage induced into AD will be representative the magnitude of H at the point where AD
resides. The maximum distance from the perimeter of the six turn loop over which the
measurements will be made is 18.75 mm. Side AD and BC have to be displaced many
times this distance in order to keep the voltage induced in BC small enough so it can be
ignored. A distance of 106 mm was found to satisfy this requirement. Measurements made
at points (A), (B) and (C) were carried out by unsoldering the wire of the one turn loop
from the termination resistor, threading the wire through the toroid then resoldering and
tensioning the wire.

106mm

-+
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39SWG C
5 U

50 OHM CO-AX

Figure 3.9 Single turn pick-up loop
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A phenolic toroid which has a permeability of one, the same as air, was used to set the
distances of measurement points (C) to (F) relative to distance between (A) and (B), the
inner radius of the toroid. The six turn loop was driven from a 50 ohm source at a
frequency of 1 MHz and side AD of the one turn loop placed at position (A) lightly
pressed between turns 3 and 4. A spectrum analyser was used to measure the level of
induced signal into the single turn pick-up loop. This was the reference level to which all
other measurements were made for a given toroid. The one turn loop was then moved so
that side AD was at the centre of the toroid, position (B), and the deviation in dB of the
induced signal was recorded. Measurement point (B) is sufficiently removed from the six
turn loop to counter any proximity effects, i.e. the difference in distance between side AD
of the one turn loop and the six individual close wound turns is small. Point (B) is at the
centre of curvature of the six turn loop and therefore is equidistant.

50 OHMS

TWISTED PAIR

. . [
(B') {A") {E} (F)

Figure 3.10  Excitation set-up of toroidal 6 turn loop
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(B') (A') (A) (B) (C) (D) (E) (F)

50 OHMS

C

50 OHM CO-AX

Figure3.11  Relative positioning of test loop with respect to the toroidal winding. Side AD of
the one turn loop shown at test point (B)

The one turn loop was then moved away from (B) until the induced signal was 6dB less
than it was at (B). This becomes position (C). For the 0.5 inch phenolic toroid position (C) is
diametrically opposed to (A) and was just on the inside boundary. The distance between
(B) and (C) was measured and found to be 3.75 mm. If this distance is doubled, the
induced signal should be reduced by a further 6dB relative to position (B) provided the
attenuation with distance follows the inverse square law. With this in mind the expected
attenuation values in dB with respect to the distance between (B) and (C) was calculated
for multiples of this distance. These figures are tabulated in the first entry of Table 3.5. Side
AD of the one turn loop was moved away from the six turn loop from (C) 3.75 mm to (D).
The induced signal was measured and found to be -23.1dB, approximately 6dB less than
(O). The distance between (B) and (D) is 7.5 mm. Moving side AD of the one turn loop
7.5 mm away from (D), doubling the distance from reference point (B), should produce a
further 6dB decrease in the induced signal. This is measurement point (F). A measurement
made at (F) reveals a 0.3dB difference between the expected and measured. The measured
attenuation between (B) and (F) was -18.3dB which compares favourably with the
expected -18dB and confirms the measurement technique and the Biot-Savart Law.
Measurement point (E) equidistant between (D) and (F) was included. The inverse square
law indicates there should be a 3dB difference in the induced signal between (E) and the
adjacent points (D) and (F).

The one turn loop was rotated 180° about AD and AD was placed at measurement point
(A') lightly pressed between turns three and four of the six turn loop on the outer
perimeter. The induced signal was measured and found to be -1.1dB, lower than expected.
It should be the same as measurement point (A). Closer inspection of the six turn loop
reveals the turns are splayed from the inner to outer perimeter of the toroid. Compressing
the turns on the outer perimeter with a pair of non-metallic tweezers increased the
induced signal to the expected 0dB, the same as (A). The tweezers were removed, the turns
splayed and the level of induced signal fell back to -1.1dB. Side AD was then moved to
point (B') and the level of induced signal recorded. All the recorded measurements for the
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phenolic toroid are tabulated in Table 3.5 for a . (relative permeability) of one. A check
was then made on the permeability of the toroid. The toroid was broken with a pair of side
cutters and the core removed from the six turn loop with as little disturbance to the loop as
possible. The six turn loop was then air cored and the measurements at the stated
distances repeated. There was no significant difference between the air core reading and
the phenolic toroidal core. This confirms the permeability of the phenolic toroid was the
same as air. Measurements were carried out on the remaining toroids listed in Table 3.4.
The results are also tabulated in Table 3.5.

Figure 3.12 displays the data in graphical form. It can be seen that the strength of the
signal external to the toroid at D, E and F is relatively the same for permeabilities one to
ten. There is very little difference in the magnetic flux external to the toroid relative to the
same coil air cored. It is only when high permeability cores are used that the toroid shows
signs of self-shielding. Low permeability cores with windings covering 90% of the toroid
were also tested for magnetic flux external to the core. While some improvements in the
measured isolation between point A, the centre of the winding as with the six turn loop,
and the area external to the toroid out to a distance of 18.75 mm was noticed, it was not
deemed significant. In fact the field generated by the one-turn-effect added an extra
orthogonal dimensional plane on which external magnetic flux could be measured.

Table 3.5: Attenuation in dB measured with respect to position A, using a one turn rectangular
loop 106 mm x 20.5 mum; test frequency 1 MHz.

T B’ A’ A B C D E F
375mm’| 0mm’ Omm |375mm| 75mm [11.25mm| 15mm [18.75 mm
expected| -11.2dB 0dB 0dB 112dB  -17.2dB | -23.2dB  -26.2dB  -29.2dB
1 -125dB  -1.1dB 0dB 112dB -17.2dB | -23.1dB  -26.6dB  -29.5dB
3 -12.2dB  -3.2dB 0dB -87dB  -14.1dB | -224dB  -26.9dB -30dB
6 -14.6dB  -4.9dB 0dB 71dB  -11.3dB | -21.6dB -26.5dB -29.8dB
8 -15.2dB -5.9dB 0dB -6.3dB -98dB | -22.2dB -27dB -30.1dB

10 -16.7dB  -6.9dB 0dB -5.2dB -87dB | -225dB  -27.1dB__ -30.1dB

20 -20.7dB -9.7dB 0dB -3.1dB -48dB | -24.1dB  -28.8dB__ -32.4dB

40 -25.5dB  -15.7dB 0dB -1.7dB .25dB | -285dB  -33.3dB -36.9dB

125 -33.9dB  -23.9dB 0dB -0.6dB -09dB | -36.6dB -41.8dB  -45.7dB

850 -51.5dB  -41.3dB 0dB -0.06dB  -0.08dB | -52.7dB  -58dB  -61.5dB

2000 -56dB -47dB 0dB -0.02dB  -0.04dB | -588dB  -63.2dB_ -66.2dB
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Figure 3.12  Level of signal induced into side AD of the one turn loop at indicated positions
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It is erroneous to think a coil is self-shielding merely because it has the form of a toroid.
Most toroids used in filters in the H.F./ V.H.F. bands will have permeabilities less than 20.
The data in Table 3.5 shows magnetic flux external to the toroidal coil on low permeability
cores to be comparable to the same coil air cored. Placement of toroidal inductors with
respect to other components is therefore just as critical as if the coils were air wound.

The data in Table 3.5 shows the magnetic field in the hole in the centre of the toroid
follows an inverse square law when the cores permeability is the same as air, unity. Italso
shows the lines of flux become more uniform with distance in direct proportion with
increases in the core’s permeability. A permeability of 2000 shows an almost uniform
distribution of lines of flux as opposed to a permeability of one in which it follows an
inverse square law.

3.9.1 The One-Turn-Effect of Toroidal Coils

Figure 3.13 (A) is a toroidal coil of 10 turns in which the turns have been manipulated to
form a one turn loop on the outer perimeter commonly known as the one-turn-effect. In
reality the one turn is evenly distributed throughout the winding of the coil approximating
a tubular conductor that surrounds the core for the length of the coil. The self-inductance
of the one turn loop is relatively independent of the core’s permeability being similar to
the wire held against the outside boundary of the toroidal core as in Table 3.3. The
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orientation of the magnetic field of the one turn loop generated by an R.F. current passing
through the helical coil is orthogonal to the normal field of the coil. Measurements of the
magnetic field generated by the one turn loop external to the toroid using the pick-up loop
of figure 3.9 showed a field which followed an inverse square law with distance and an
intensity that was relatively independent of the core’s permeability. This agrees with the
self-inductance of the one turn loop being almost independent of the core’s permeability.
The loop formed by the one-turn-effect is approximately equivalent to a single turn loop in
free space. Mutual coupling can exist between the toroid via the one-turn-effect and
components in the surrounding environment provided the components are not situated in
the one turn loop’s null points.

single turn loop formed by the winding Winding method employed to null
as it progresses around the core the effects of the one turn loop
(8) (b)

Figure 3.13  Illustrating the one-turn-effect

Figure 3.13 (B) shows a winding method used to null the field generated by the one-turn-
effect. The magnetic fields generated by each half of the one turn loop are equal but of
opposite direction, their net sum being zero. Mutual coupling will still exist between
components that are not approximately equidistant from both halves of the loop, i.e.
components adjacent to one half of the winding. Attention to component placement is
therefore still required. The part of the winding that passes through the centre of the
toroid on a slant suffers an increased A.C. resistance due to circulating eddy currents
within this part of the winding and lowers the toroidal coil’s Q. The decrease in Q is most
pronounced in low permeability cores where the flux gradient through the hole in the
toroid is the greatest. Winding the coil with larger diameter wire increases the dimensions
of copper over which the flux gradient has an influence and induces larger circulating
eddy currents, increasing the total A.C. resistance, not decreasing it as one might expect.
The toroidal coil’s Q is reduced by 10 to 25 percent and is dependent on core size, core
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permeability, wire gauge and angle of slant of wire relative to the direction of travel of the
lines of flux in the hole in the centre of the toroid. The reduction in Q is generally not
sufficient to adversely affect a filter’s performance. This winding technique lowers the
coil’s distributed capacitance and hence raises the parallel self-resonant frequency. Also,
this technique is not recommended for filters employing resonant circuits as it lowers the
circuits Q, i.e. elliptical, m-derived, notch, and tuned narrow band filters.

3.9.2 Toroids in High Power Filters

Iron powder, as opposed to ferrite, is the preferred toroidal material in the H.F. and V.H.F.
bands. It has lower losses, can withstand higher flux densities and is more stable over a
wide range of flux levels and temperatures. Ferrite or powdered iron toroids, to be used in
power circuits, should be first covered with glass-electrical tape, such as 3M-27, before
winding, to prevent arcing to the core. In high power toroids where considerable heat is
being generated, it is recommended that PTFE or ‘Thermoleze’ insulated winding wire be
used. In power toroids however, consideration needs to be given to the peak flux density
relative to the chosen core’s saturation flux density and the distortion products generated.
The peak flux density combined with the hysteresis losses heat the core material.
Equations for calculating the flux density and heat management together with worked
examples can be found in References 15 and 27 and will not be repeated here.

The non-linear relationship between B and H of the core material distorts the flux density
with respect to the alternating magnetising force. The distortion is usually seen as third
order products. Atlow signal levels, say, less than one Watt, the distortion is so small that
it can be ignored. At higher power levels, the induced distortion may be of concern. In
spot frequency transmitters where a lowpass filter employing toroids is installed at the
transmitter’s output to attenuate the harmonics, the out-of-passband third order distortion
products (third harmonic) generated by the toroids within the filter are attenuated by the
action of the filter itself just as it attenuates the harmonics of the transmitter. The shunt
capacitors to ground at either side of the toroid provide a low impedance path, relative to
the source and load impedances, between the ends of the windings. A filter with a low
out-of-passband impedance is therefore preferred to one whose impedance is high.

A toroidal filter fitted to the output of a broadband transmitter needs special
consideration. Take for example a 2 to 30 MHz high power transmitter to which a 30 MHz
lowpass roofing filter employing toroids has been fitted at the output. The third order
products (third harmonic) generated by the toroids within the filter by a single tone
between 2 to 10 MHz will not be attenuated by the components within the filter, namely
the shunt capacitors to ground. The toroids will behave like signal generators of third
order products effectively in series between the output impedance of the power amplifier
and the load impedance presented by the antenna, thus offering a ready path for the
radiation of unwanted harmonics.
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The generation of third order intermodulation products within the filter is dependent
partly on the differences in the hysteresis of the toroidal material measured at the
frequencies of the two tones and also on the variation of permeability with the strength of
the cores’ magnetic flux (frequency dependent). As an example, two pure high power
tones separated by 10 KHz placed anywhere in the 2 to 30 MHz range presented at the
input of the high power filter may have an acceptable third order intercept at the filter's
output. However, displace the same two tones by a frequency greater than say, 1 MHz,
and the output intercept of the filter may show unacceptable third order intermodulation
distortion levels.
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4. Construction Techniques

There are two impedances that need to be considered when building LC filters. The first is
the filter’s characteristic or the lumped element impedance (Section 1, equation (1.3)). The
second is the reactance presented by the distributed elements that appear in the in-band
through path, that is, elements that are seen in series with the through path by the lumped
elements occupying three dimensional space. For highpass filters it is the distributed
inductance of the in-line series capacitor’s plate and lead inductance and any lead or PCB
tracks used for routing. For lowpass filters it is the distributed inductance of the one-turn-
effect of large air wound coils used in series with the through path. Techniques used to
convert the unwanted distributed inductance into a transmission line will now be
examined for highpass and finally lowpass filters.

4.1 Highpass Filters

At frequencies well into the passband, the inductive reactance of the shunt inductors is
large when compared to the filter’s terminating impedances and therefore can be deemed
as an open circuit. The coils’ distributed capacitance will be considered later. At the same
time, the lumped capacitive reactance of the series capacitors is very small when compared
to the filter’s terminating impedances and, being in series with the filter’s through path,
can therefore be represented as a very low impedance or a short circuit. This then leaves
the capacitors’ distributed lead and plate inductance. A filter’s total in-line distributed
inductance, which can be in the order of tens of nH, is dependent on capacitor
construction, lead length, filter configuration (pi or Tee) and the order of the filter. This
inductance, which is in series with the filter’s through path, and has an increasing
reactance with increasing frequency, can become an appreciable percentage of the filter's
source and load impedances and start to affect the insertion loss of the filter.

If the right amount of distributed capacitance is added to the in-line distributed
inductance, then the in-band through the path of the filter would look like a transmission
line whose characteristic impedance is independent of frequency. If this characteristic
impedance was tailored to match the filter’s terminating impedances, then an in-band
signal passing through the filter would be subjected to minimum attenuation. In the real
world however, there are parasitic resonances in the shunt inductors as well as ohmic
losses of any inductance enhancing material used. The filter’s in-band response would be
relatively independent of frequency up until these effects become notlceable There are
two ways of adding the required distributed capacitance.

1. adding distributed discrete capacitors to the through path, or
2. converting the through path into a transmission line.
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4.1.1 Adding Discrete Capacitors

Firstit is necessary to calculate or measure the distributed inductance of the through path
of the filter. Then using equation (1.3) from Section 1 find the total distributed capacitance
required to give the desired characteristic impedance. Subtract from this value the self-
capacitance of the shunt inductors and the already existing capacitance to ground of the
through path. The result is the value of capacitance that has to be added to the through
path. Divide this capacitance into equal discrete preferred values and evenly distribute
them in shunt with the through path for the length of the filter. The distributed inductance
of the through path together with the added shunt discrete capacitors to ground form a
high frequency lowpass filter. This lowpass filter creates a useable low loss upper
frequency limit to the highpass filter. This technique is ideal for power filters where
physically large components are used to keep losses to a minimum. These large
components, especially the shunt inductors to ground, generally have parasitic resonances
that affect a filter's performance before the cut-off frequency of the lowpass filter is
reached.

4.1.2 1.875 MHz Highpass Filter

Figure 4.1 is a 1.875 MHz H.P. filter which will be used to demonstrate this technique. The
filter was constructed in a Pomona diecast box whose inside dimensions are 53x24x19 mm.
The through path of the filter will be the long dimension. The two 350 V silver mica
1000pF capacitors were connected point to point between input and output BNC
connectors. A distributed lead and plate inductance of 36.4nH of the two capacitors
connected in series was calculated from the network’s series resonant frequency of
37.3 MHz. The required distributed shunt capacitance to ground for a 50 ohm system is
14.6pF. The measured distributed capacitance to ground of the two capacitors when
installed in the box was 2.6pF. The three shunt coils were made using Amidon T-37-2
toroids and 0.25 mm enamel covered wire. Total distributed capacitance of the three shunt
coils calculated from their respective parallel resonant frequencies is approximately 2.2pF.
Table 4.1 lists the various resonant frequencies of the coils used. The lowest series self-
resonant frequency at 378 MHz for the two larger inductors will create a localised increase
in the through path loss of the filter. This will place a limit on the filter's useful in-band
upper frequency response of approximately 300 MHz. Fine winding wire (0.25 mm) was
used to make these coils in order to:-

¢ decrease the distributed capacitance and raise the series self-resonant
frequencies in order to maximise the useable upper frequency response, and

s increase the A.C. resistance at the series self-resonance to lower its Q and
dampen its shunting of the through path signal to ground. The A.C. resistance
at the out-of-passband signals, being much lower in frequency, will be
significantly smaller and therefore should not appreciably affect the out-of-band
attenuation.
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4
=

Cl = 1000pF L1,L3 = 4.03uH

C2 = 1000pF L2 = 1.922uH

4.03uH = 31T of 0.25mm wire on T-37-2
1.922uH = 21T of 0.25mm wire on T-37-2

Ergure 4.1 1.875 MHz highpass filter

Table4.1: Measured parallel and lowest series resonant frequencies of toroidal coils used in the
1.875 MHz Highpass filter.

Inductor Parallel self-resonant Lowest series self-
(pH) frequency resonant frequency
(MHz) (MHz)
4.03 91.3 378
1.92 142.3 513

The parallel resonant frequencies of the coils were measured in the absence of any
shielding. The presence of shielding will slightly increase the coils’ distributed
capacitance, say 0.5pF total for the three coils. Total shunt capacitance to ground is
approximately 2.6+2.2+0.5 = 5.3pF. This is 9.3pF less than the 14.6pF required. There are
three convenient points in which to add extra shunt capacitance and that is in the general
area of the three coils. The 9.3pF shortfall divided by three is 3.1pF. This is between the
preferred values of 2.7pF and 3.3pF supplied by most manufacturers. It was shown in
section 2.2 Effects of Distributed Inductance how distributed inductance in capacitors
increases their apparent capacitance with frequency. By choosing the preferred value of
2.7pF over 3.3pF for these three capacitors allowance is made for this increase as well as
any external capacitive coupling to the installed environment.

Figure 4.2 is the frequency response of the filter before the three 2.7pF capacitors were
added. The top trace is the input signal from the signal generator, the bottom the filter’s
output, their difference being the insertion loss. Note the general increase in attenuation
from the cut off frequency (1.875 MHz) into the passband. Also note the dips in the
response at the coils’ series self-resonant frequencies as tabulated in Table 4.1. Figure 4.3 is
the associated Z;; plot spanning 3 MHz to 1 GHz, markers are at 100 MHz increments, 3
MHz is at the 50 ohm point.
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Figure 4.4 is the frequency response after the three 2.7pF capacitors were fitted. Note the
general lifting of the filter’s response towards the input level of the signal generator. The
dips caused by the series resonances of the shunt inductors are still present with an
improvement in the dip at approximately 756 Mhz (the slight frequency shift is attributed
to disturbing the coils when installing the capacitors). The through path distributed
inductance and the installed discrete 2.7pF capacitors together with the coils’ distributed
capacitance form a lowpass filter whose cut off frequency is approximately 1.4 GHz. This
is well above the 375 MHz series resonance of the larger coils. Figure 4.5 is the Zy; plot
spanning 3 MHz to 500 MHz. Note the improvement in SWR from 4:1 at 500 MHz (marker
justabove 200 ohms on the R line in fig 4.3) to less than 1.4:1 in figure 4.5. Figure 4.6 is the
Zj1 plot spanning 3 MHz to 1 GHz.

ﬂﬂ REF —-10.0 dBm ATTEN 1@ dB
EXT REF
2 as/

\/ el
START @ Hz STOP 18P0 MHz
RES BW 3 MHz VBW 1 MHz SWP 20 msec

Figure 4.4 Insertion loss of 1.875 MHz H.P. filter in Pomona box with the three 2.7pF shunt
capacitors installed
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Figure 4.5
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Figure 4.6
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The cut-off frequency of this filter was chosen to so that the coils’ self-resonant
frequencies were within the upper frequency limit of the test equipment being used. This
was done to show how the series resonance of the shunt coils affects the frequency
response creating an upper frequency limit on the low loss usefulness of a highpass filter.
Unfortunately, the low series resonance is superimposed on the increased insertion loss
created by the distributed inductance of the through path and also the power being
absorbed in the toroidal material used to make the coils. The parasitic resonance and
power absorption losses are masking the gains that can be obtained in this construction
technique. In order to highlight the losses of toroidal material versus air core and to show
the effectiveness of the construction technique, a second H.P. filter with a cut-off frequency
of 27.5 MHz was constructed in the same enclosure. This higher cut-off frequency for the
same through path length means the reactance of the distributed inductance can reach an
appreciable percentage of the terminating impedances before the limiting effects of the
parasitic resonances of the coils are seen. The largest coil’s series self-resonant frequency
was at approximately 1.3 GHz. The useful low loss upper frequency limit of the filter
should be approximately 1 GHz.

4.1.3 27.5 MHz Highpass Filter

A 27.5 MHz highpass filter, Figure 4.7, was constructed using 68pF 350 V silver mica
capacitors in the through path and the same technique as above. The series self-resonant
frequencies of the coils are just above 1 GHz and therefore will not be seen using the
current test equipment. Figure 4.8 is the frequency response of the filter when constructed
using point to point wiring and toroidal coils in the same Pomona box as before. Note the
expected decrease in attenuation as the frequency is increased from the -3dB point into the
passband then an increase in attenuation caused by the distributed inductance in the
through path. Figure 4.9 is the associated Zi; plot spanning 3 MHz (+j8 ohms on
circumference of Smith chart) to 1 GHz. The length of the through path is the same as in
the 1.875 MHz example, therefore the amount of distributed capacitance needed will be
approximately the same. Three 2.7pF capacitors were added in shunt with the coils and
the frequency response remeasured. Figure 4.10 shows the improvement in insertion loss
between the filter’s cut-off frequency and 800 MHz. Note the 1 GHz cut-off frequency of
the lowpass filter formed by the distributed inductance of the through path and the coil’s
distributed plus 2.7pF added shunt capacitance to ground. Figure 4.11 is the Zy plot
spanning 3 MHz to 1 GHz, markers are at 500 MHz and 1 GHz. A more even distribution
of smaller capacitors, four 2.2pF instead of three 2.7pF, would raise the corner frequency of
the lowpass filter formed by the introduction of the discrete shunt capacitors to ground
thus raising the useable upper frequency.
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Figure 4.7 27.5 MHz highpass filter
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Figure 4.8 Insertion loss of the 27.5 MHz H.P. filter in Pomona box
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Figure 4.9

Zn plot 3 MHz to 1 GHz of 27.5 MHz H.P. filter in Pomona box, 100 MHz
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Figure 411  Zy plot 3 MHz to 1 GHz of the 27.5 MHz H.P. filter in Pomona box with the
three 2.7pF shunt capacitors installed, markers 500 MHz and 1 GHz

4.1.4 Converting the Through Path into a Transmission Line

This is achieved by increasing the distributed shunt capacitance to ground of the capacitor
leads by laying them in line with a microstrip line designed to the filter’s characteristic
impedance. The capacitor is soldered in place on top of the line straddling a gap that has
been cut in the through path. The diameter of the capacitor’s leads is usually several times
less than the width of the microstrip line and therefore has negligible effect on the line’s
distributed capacitance. The increase in thickness of the line caused by the capacitor’s
leads does alter the distributed inductance. This variation in inductance is usually small
and can be ignored. This technique suits PCB layout with the added bonus that the
capacitors’ connecting leads become part of a transmission line and as such their lengthiis
not critical. Chip capacitors are ideally suited to microstrip work and are the preferred
component for low power filters. Their width is usually chosen to be the same size or justa
little smaller than the width of the microstrip line. If two chip capacitors are required to
make a non-preferred value, they should be pyramidally stacked, that is the smaller of the
two sitting on top of the larger, across the gap in the line. Had the capacitors been placed
side by side, the line would have to have been widened at the connection point to allow
adequate pad area to accommodate the components and the solder fillets. This creates a
small discontinuity in the line. The summation of these discontinuities in a high order
highpass filter can affect the through path insertion loss at the higher passband
frequencies before the parasitic effects of the shunt inductors become noticeable. By
stacking the components their footprint and solder fillets are equal to or are just within the
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confines of the microstrip track width. This minimises the line discontinuity. Smaller sized
chip capacitors can be placed side by side so long as their total width is equal to or just
within the confines of the microstrip track.

The same H.P. filters using the same components will be used to demonstrate this
technique so that a direct comparison can be made. A 48 mm long 50 ohm microstrip line
was constructed from double sided FR-4 fibreglass P.C.B. material using the method
described in 4.1.7 Microstrip Line. Two gaps were placed in the line dividing it into thirds.
These gaps were made wide enough to allow a chip capacitor to be soldered across it at
some later time.

4.1.5 1.875 MHz Highpass Filter using Microstrip

The two 1000pF 350 V silver mica capacitors as used in the 1.875 MHz filter were
disconnected from the Pomona box, from a previous demonstration, and installed
soldered on top of the line each straddling a gap cut in the line. The capacitors’ lead
lengths were unaltered. The three shuntinductors were also removed and installed at the
mid point of the respective one third microstrip lines and ground.

Figure 4.12 is the frequency response of the 1.875 MHz filter. Note the presence of the
dips in the response caused by the series resonance of the coils and their slight
improvement. Figure 4.13 is the Zi1 plot spanning 3 MHz to 1 GHz. The large 350 V mica
capacitors were removed and replaced with 1000pF ceramic chip capacitors. Figure 4.14 is
the frequency response of the filter using chip capacitors. Note there is very little
difference between using the physically large mica capacitors with leads and the small
leadless ceramic chip capacitors.

There is a discrepancy between the measured insertion loss of the filter and the measured
SWR as seen in the Zj; plot. Equation (4.1) was used to generate the plot in Figure 4.15
which shows the expected insertion loss of an ideal lossless filter for a given SWR.

SWR -1

2
dB s =10L0g'01_(SWR+ J 4.1)

where:  dBiess = Through path transmission loss of filter
SWR = Standing Wave Ratio at input of filter with
ideal termination at filter output
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Figure 4.12  Insertion of 1.875 MHz H.P. filter on microstrip, 350 V silver mica capacitors

Figure 4.13  Zy plot 3 MHz to 1 GHz of the 1.875 MHz H.P. filter on microstrip, 350 V silver
niica capacitors
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Figure 4.14  Insertion loss of 1.875 MHz H.P. filter on microstrip, using chip capacitors

Through Loss {dB)
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Figure4.15  Filter transmiission loss versus SWR for an ideal LC filter with no distributed R

Comparing the expected insertion loss versus SWR (Fig. 4.15) with the Z, plots (Fig.
4.13) and the through path loss (Fig. 4.12) indicates that power is being absorbed by the
filter, most likely by the toroidal material used in the coils. Air wound coils needed to
confirm this through substitution would be too large for the space provided. Therefore,
this loss into the core material will be demonstrated in the 27.5 MHz H.P. filter.
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4.1.6 27.5 MHz Highpass Filter using Microstrip

The components used in the 27.5 MHz filter constructed in the Pomona box were removed
and installed on the microstrip line described in figure 4.22. The distributed plate
inductance of the in-line capacitors was incorporated into the transmission line by adding
the appropriate amount of distributed capacitance using the following method. A small
piece of brass shim approximately the same size as the capacitor was soldered vertically
on the earth plane adjacent to each capacitor. This is the area of the PCB indicated by “A” in
figure 4.22. The mounting method is shown in more detail in figure 4.23 (A). Bending this
shim towards and away from the capacitor adjusts the distributed capacitance appearing
between the capacitor’s plate and ground. Adjustment of this shim is best carried out in
conjunction with the filter alignment and using a network analyser. An alternative method
is shown in figure 4.23 (B) in which the capacitor is mounted in the same plane as the area
of PCB indicated by’ A’. Adjustment of distributed capacitance is controlled by moving the
component relative to the ground plane. In both methods note that the leads of the
capacitors are soldered near the edge of the microstrip track that is closest to the area of
PCB indicated by ‘A’. By placing the capacitor on the line edge, the shim does not lean
over the microstrip line upsetting its characteristic impedance. Incorporating the
capacitor’s lead and distributed plate inductance into the transmission line nulls the effects
this inductance would have on the true capacitance with frequency. There will be very
little change in the value of the silver mica 68pF capacitors from the filter's cut-off
frequency up to the measurement limit of 1 GHz. The only concern will be the variation in
inductance of the shunt coils with frequency. Figure 4.16 is the new measured insertion
loss. -
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Figure 416  Insertion loss of 27.5 MHz H.P. filter on microstrip, toroidal coils
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Comparing this plot with figure 4.8 will show an improved insertion loss from justabove
the cut off frequency up to the measurement limit of 1 GHz. Also comparing with figure
4.10 shows the improved response above 800 MHz where the added 2.7pF discrete
capacitors created a L.P. filter with the distributed in-line inductance. Comparing the Z
plot figures 4.9 and 4.11 to 4.17 shows the progressive improvement in passband SWR.
Figure 4.18 is the insertion loss of the microstrip line before it was modified to
accommodate the filters. Comparing this figure with figure 4.16 shows the loss attributed
to the inductance enhancing material used in the toroidal coils.

In-band R.F. currents travelling through the distributed capacitance of the coil on the
way to ground are affected by losses. These losses appear as resistance in series with the
distributed capacitance and in shunt with the distributed inductance (coil one-turn-effect)
associated with the distributed capacitance. The overall effect this has on the insertion loss
of the filter is dependent on:-

¢ Core Losses of inductance enhancing material which appears in shunt with the
one-turn-effect inductance (frequency dependent),

¢ A.C. resistance of the wire that forms the distributed capacitance (frequency
dependent), and

¢ distributed capacitance of coil windings.

Figure 4.19 describes the transformation of the 27.5 MHz highpass filter into a lowpass as
the frequency is raised from the cut-off frequency into the passband. The model shown in
(B) is the one used in Section 4.1.1 for calculating the required additional shunt capacitance.
In (C), the current example, the series through path distributed inductance has been
incorporated into a transmission line and hence only the line’s ohmic losses are of concern.
For simplicity it will be assumed that these losses are so small that they can be ignored.
The impedance presented by the three shunt circuits, representing the high frequency
model of the parasitic elements of a toroidal coil, has to be many times larger than the
terminating impedances if the through path loss is to be kept low. The coil’s distributed
capacitance has a 1/f reactive characteristic, its impedance decreases with increasing
frequency. Its effect is to increase the filter’s dissipative and non-dissipative through path
insertion loss with increasing frequency by:-

¢ theshunting of signal to ground through the coils distributed capacitance (CP),

¢ increasing the coupling with frequency of the A.C. resistance (RS AC) part of
the distributed capacitance between the line and ground, and

# increasing the losses associated with the distributed inductance (LD) part of the
distributed capacitance (CP), magnetically coupling to the toroidal losses (RP
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CORE) by increasing the coupling of these losses via the decrease in capacitive
reactance of CP(L) as the frequency is raised.

——i —T T
N S IR

(B)
(A) deep inband equivalent circuit
H.P. Filter

20 = S0 Ohms

IL

== CP(L))

RS AT IL3)

]
i
pER A )
1
'

R? CCRE 1L3) @

(C)

toroidal losses

Figure 4.19  Transformation of 27.5 MHz H.P. filter into a L.P. as in-band frequency is raised

Steps that can be taken to reduce the distributed capacitance whether the coil is air
wound or toroidal are:-

¢+ keep areasonable spacing between turns, don’t compress the turns to the point
where they are almost touching,

¢ elevate the coil away from the microstrip ground plane or any shielding, and

¢ use a thinner gauge wire than would normally be used for a high Q coil. The
use of a thinner gauge wire has the added benefit of increasing the A.C.
resistance of the path thus increasing the overall shunt impedance. The increase
in A.C. resistance with frequency helps to offset the corresponding decrease in
capacitive reactance.
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Losses attributed to the inductance enhancing material appear as RP CORE in figure
4.19(C) (for simplicity only the losses associated with L3 have been shown). LD is the
distributed inductance (coil one-turn-effect) of the distributed capacitance and is
magnetically coupled to RP CORE. The RP CORE apparent resistance is very high around
the filter’s cut-off frequency falling to a much lower value as the frequency is raised into
the passband. This effect is seen as the increase in insertion loss with frequency in figure
4.16. Power lost into the material is proportional to frequency and flux density. The flux
density in the core material is proportional to frequency and the distributed capacitance.
Any steps taken to reduce the distributed capacitance will also reduce the losses into the
core material.

The three toroidal coils were replaced with air wound inductors and the improvement in
insertion loss is seen in figure 4.20. Very little difference can be seen between the in-band
insertion loss of figure 4.20 and the insertion loss of the microstrip line in figure 4.18. The
major losses now appear to be associated with the microstrip. Figure 4.21 is the Z; plot
from 3MHz (outer perimeter of circle) to 1 GHz (at 50 ohms) using the air wound coils.
The series self-resonant frequencies of the larger air wound coils are at approximately 1.2
GHz and places a low loss upper frequency limit of approximately 1 GHz..

/‘;G REF —-10.@ dBm ATTEN 10 dB

TEXT FEF
2 dB/
u
_V/J‘\.,/\
N I g
STAAT @ Hz STOP 1000 MHz
RES BW 3 MHz VBW 1 MHz SWP 28 msec

Figure 4.20  Insertion loss of 27.5 MHz H.P. filter on microstrip using air wound coils
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Brass Shkim
68pF

)

(A) (B)

Figure 4.23  Two methods of mounting the capacitors on a microstrip line to compensate for the
internal distributed plate inductance

4.1.7 Microstrip Line

The width of a microstrip line for a desired characteristic impedance can for most practical
purposes be calculated using the following method. The dielectric constant of the PCB
substrate, if unknown, can be calculated by measuring the capacitance of a sample of the
double sided PCB material from which the microstrip is to be manufactured.
Measurements made at different points on various shaped samples at 1 MHz and
100 MHz and the difference in apparent capacitance between these two frequencies with
the view to finding a method that has the least impact on the true capacitance revealed the
following. It is recommended the sample be rectangular in shape with an aspect ratio in
the range of 2:1 to 3:1 (25 mm x 60 mm being typical). The capacitance measurement is
made across the midpoint of the shorter side. Applying the left hand rule for induced currents
to the current flowing in the two parallel plates of the P.C.B. capacitor will show the
mutual inductive coupling between the parallel plates to be negative. The effect the plates’
distributed inductance has on the true capacitance is reduced and a more accurate reading
is obtained. The frequency at which the measurement is made has to be low in order to
measure the true capacitance between the plates and not the apparent capacitance. Any
bonding wires used to make a connection to the plates are for this reason to be kept
extremely short. Equation (4.2) can be used to find the relative dielectric constant.

e =3¢ 4.2)
A

where: & = relative dielectric constant

C = capacitance of sample material (pF)

J1 = thickness of dielectric material between the metallic plates (mm). This is
the total thickness of the PCB material (including the copper and
adhesive) minus the total thickness of the copper. The thickness of 10z
copper is 0.03556 mm.

A = area of one plate (mm?)
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The characteristic impedance of a microstrip line in a homogeneous medium, air above
the line and air between the line and the ground plane is:-
where w/l <1
8h w

ZO(€,=|) = 60L0ge (';‘f‘z};) (4.3)

where w/h > 1
377
ole,=1) = (44)

%+ 1393 + 0.667Logy(% + 1.444)

where:  Z, €~1) = characteristic impedance in homo
w = width of track (mm)

h = height of dielectric material between the metallic plates (mm)

geneous medium (ohm)

The effective relative dielectric constant

which is the average between air and PCB
dielectric constants is:-

where w/h <1

2
_ & +1 e,.—l) 1 ( w)
E)(eﬁ')— > +( 2 —*127 +0.04 1_71— (45)
+—
w
where w/l1 > 1
e+ (8,.—1) 1
Erler) = 5 + 5 “12}’ 4.6)
1+-22
w
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where: & () = effective relative dielectric constant
¢, = relative dielectric constant
w = width of track (mm)
h = height of dielectric material between the metallic plates (mm)

The characteristic impedance of the microstrip line with air above the line and PCB
substrate between the line and the ground plane is:-

ofe, =1) ’ (4 7)

where:  Z, €r = characteristic impedance
Z, €1 = characteristic impedance ina homogeneous medium
€r ey = effective relative dielectric constant

Equations (4.3) to (4.7) were obtained from Reference 25 pp.10.

4.1.8 Summarising Highpass Filters

The distributed inductance of the through path of a highpass filter causes a gradual
increase in insertion loss with increasing frequency from the cut-off frequency into the
passband. Point to point wiring can be used only if the reactance of the distributed
inductance of the through path is very much less than the terminating impedances at the
highest frequency of interest. If the distributed inductance does pose a problem, there are
two courses of action open.

1. Convert the distributed inductance of the through path into a transmission line
by adding enough evenly placed discrete shunt capacitors to ground to give it
the same distributed characteristic impedance as the filter's terminations. This
technique is more suited to power transmitter filters where the internal
distributed inductance and the lower parasitic series resonances of the larger
high voltage/ high current components places an upper frequency limiton the
filter. The cut-off frequency of the lowpass filter formed by adding evenly
distributed discrete capacitors is usually higher than the lowest parasitic series
resonances of the largest shunt coils.

2. Build the filter around a modified transmission line, such as a microstrip. By
straddling the capacitors across a gap cutin the line and soldering the leads on
top of the line, the components’ lead length becomes incorporated within the
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transmission line and as such their length is not critical. This technique suits
both leaded and leadless capacitors commonly used in filters for low power R.F.
transmitters and receivers. The useful upper frequency limit is still limited by
the parasitic series resonance of the shunt inductors. The smaller size of low
power inductors, compared to high power ones wound with much heavier
gauge wire, have proportionally smaller distributed capacitance and therefore
higher parasitic resonant frequencies.

Series resonance of the shunt inductors usually places an upper frequency limit to the
usefulness of a highpass filter. Because the shunt inductors representa high impedance to
the in-band signal, much finer wire than would normally be used if the coil was in series
with the through path, can be used in the construction of the coils. The use of finer wire
lowers the distributed capacitance, raises the frequency of the series parasitic resonances,
helps to reduce the losses into the core and increases the upper frequency usefulness of the
filter. Air wound coils are preferred as these have the least amount of internal dissipative
losses.

4.2 Lowpass Filters

In Section 3.6 it was shown how the distributed capacitance in an inductor changes the true
inductance with frequency. The physical size of inductors, especially the air wound type,
makes them susceptible to internal and external capacitive coupling. Inductors are usually
manufactured in-house and the distributed internal capacitance is usually a trade-off
between power handling capability, required Q, inductance enhancing material used, wire
gauge and any insulation used on both the wire and the coil former. There are several
experimental methods that can be used to find the parallel self-resonant frequency of a coil
and herice the distributed capacitance. Having found the distributed capacitance, the
apparent inductance at the filter’s cut-off frequency can then be calculated and appropriate
measures taken to achieve the required inductance.

The internal and external capacitive coupling between a coil’s turns and between coils in
the through path affect the out-of-passband response of a lowpass filter. The capacitive
coupling presents a lower impedance path, as the frequency is raised, around the high
inductive reactance of the coils. This appears as a decrease in out-of-passband attenuation
with increasing frequency. Capacitive coupling between coils can be controlled by
installing Faraday shields next to the filter's shunt capacitors between the coils. This
greatly improves the out-of-passband attenuation. Faraday shields however, do not
prevent in-band mutual coupling between a lowpass filter’s through path coils.
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4.2.1 The Effects of Mutual Coupling

Any current flowing through a coil sets up a magnetic field around it. If the current is time
varying, the magnetic field surrounding the coil will also be varying in sympathy. Time
varying magnetic fields induce voltages into conducting mediums that are under their
influence causing currents to flow if the conducting medium is part of a closed loop.
Currents flowing in this closed loop change the impedance of the circuit generating the
magnetic field, especially if the closed conducting loop is the same loop as the current that
created the magnetic field. In the case of a lowpass filter where the through path coils are
in-line and there is mutual coupling between coils, the characteristic impedance of the
filter will either increase or decrease, depending on the sign of mutual inductance, in
sympathy with an increase in the co-efficient of coupling. Mutual inductance between the
in-line coils also affects the filter’s cut-off frequency.

Mutual coupling also exists between the in-line coils and the shunt capacitors. This has
the effect of altering the apparent capacitance in sympathy with the coefficient of coupling.
In Section 3.9.1 it was shown how low permeability toroids are surrounded by magnetic
fields both from the coil winding and the one-turn-effect. Capacitors that are mounted in
close proximity to these toroids will have their distributed inductance altered through
mutual coupling. The distributed inductance of the capacitor is proportional to the
physical size, therefore the larger the physical size the greater the coefficient of coupling
and hence a commensurate impact on the apparent capacitance. Large high voltage silver
mica capacitors are susceptible to the effects of mutual coupling, especially from air
wound coils. All shunt capacitors used in lowpass filters should be installed in such a way
that the flow of current through them is on the same line as the direction of travel of the
varying magnetic field from the coils used in the through path. This ensures mutual
coupling between shunt capacitors and through path inductors is kept to a minimum. If a
filter is constructed using Bush Capacitors and air wound coils, the capacitors should be
mounted on the end sections of the shielding with the axis of the blots used to sandwich
the capacitor’s components lying on the axis of the air wound coil. The induced circulating
current from the coil, as seen in the end section of figure 4.66, will be at right angles to the
current travelling from the centre of the disk to its outer perimeter.

In order to highlight the effects of mutual coupling between coils, all shunt capacitors
used in the following lowpass filters were the physically small Philips low K 100 V NPO
ceramic capacitors with lead lengths kept as short as possible. This ensured the mutual
coupling between the coils and capacitors was kept to a minimum.
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4.2.2 Reducing the Effects of Mutual Coupling Through Separating
Unshielded in-line Coils

To demonstrate this effect a 33 MHz lowpass 7th order filter, figure 4.24, with a
characteristic impedance of 50 ohms was constructed in a 3301 Pomona box
105x69x42.5 mm fitted with BNC connectors. The through path was the longest dimension.
L2, the centre coil, has 5 mm lead lengths. L1 and L3 each have 5 mm lead lengths on one
end and 19 mm on the other. All coils were air wound, 12.7 mm outside diameter. The
filter was initially constructed with the 5 mm lead length of L1 and L3 on the input and
output side of the filter. The separation between L1 and L2 as well as L2 and L3 was
21 mm.

L1 L2 L3

L1 I L
ok

Cl = 62pF 22pF and 39pF in parallel

C2 = 186pF 82pf and 100pF in parallel

C3 = 186pF 82pf and 100pF in parallel

C4 = 62pF 22pF and 39pF in parallel
L1,L3 = 369nH 1.2mm dia. silver plated wire

8T, 12.7mm OD, 15mm long
5mm and 19mm lead length

Air wound

L2 = 489nH 1.2mm dia. silver plated wire
10T, 12.7mm OD, 19mm long
S5mm lead lengths

Air wound

Figure 4.24 33 MHz 7t order lowpass filter

Figure 4.25 is the Zi plot showing the characteristic impedance of the filter is 50 ohms
and no non-dissipative insertion loss. Coils L1 and L3 were then removed and re-installed
with their 19 mm lead lengths connected to the input and output. The distance between L1
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and L2 was 8 mm and likewise L2 and L3. Figure 4.26 is the Z; plot showing the increase
in the filter’s characteristic impedance caused by the magnetic coupling between the coils.
The characteristic impedance is the centre of the mismatch circle which lies on the R line
above 50 ohms. A measurement was made and the characteristic impedance found to be
52.7 ohms. Referring to equation (1.2) which is used to calculate the characteristic
impedance of a filter, if the value of C remains unchanged yet the Z, has increased to 52.7
ohms, then L must have increased via the effects of the coefficient of coupling between the
coils.

The value of mutual inductance between two coils is:-

Ly =k Ly Ly (4.8)

where: Luz = mutual inductance between L, and Ly, can be positive or negative
depending upon circuit configuration
k = coefficient of coupling (for adjacent in-line air wound coils mounted in
close proximity as used in this example, in the vicinity of 0.1)
L = self-inductance of coil 1
L = self-inductance of coil 2

Where Lu is positive, as in the current example, the inductance of the coils has increased
to:-

Ly, =L+ Ly (4.9)
Ly, = Lo+ Lz + Lys (4.10)
Ly, = L3+ Lins (4.11)

The coefficient of coupling between L1 and L3 is very small due to the distance between
the coils and can be ignored.

The increase in inductance of the three coils in the lowpass filter has increased the
characteristic impedance which is seen as the mismatch circle in figure 4.26. This mismatch
circle indicates that an insertion loss ripple now exists in the passband. At first glance it
would appear that the increase in inductance of the coils by the value of L would lower
the cut-off frequency of the filter, the values of shunt Cs being unaffected, and all that is
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required is to reduce the coils’ inductance by their respective values of Ly and the filter
would behave as predicted. Comparing figure 4.26 with 4.25 confirms the increase in the
filter’s characteristic impedance and hence the increase in inductance of the coils.
However, the filter’s cut-off frequency does not decrease as one might expect, it increases
in sympathy with the coefficient of coupling between the coils. Reducing the inductance
through the manipulation of the turns will lower the filter’s characteristic impedance to
the required 50 ohms but at the cost of raising the cut-off frequency still further.
Comparing figure 4.25 to 4.26 also indicates that there is a minimum ratio of distance
between adjacent coils, installed unshielded on a common axis, to coil diameter which
reduces the unwanted effects of mutual coupling between coils. A minimum ratio of 1.75:1
is suggested. In order to examine these effects in more detail a higher order filter will be
constructed to take advantage of the accumulation of coupling effects. A reference filter
needs to be built first so comparisons can be made.

Figure 425  Zi1 plot 3 MHz to 50 MHz of the 33 MHz L.P. 7th order filter, 21 mm between air
wound coils
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Figure4.26  Z1; plot 3 MHz to 50 MHz of the 33 MHz L.P. 7th order filter, 8 mnt between air
wound coils

4.23 Converting an Air Wound Coil's One-Turn-Effect Inductance into a
Transmission Line Using a Fully Enclosed Square Section Conducting
Shield

The one-turn-effect inductance of air wound and toroidal coils is not to be confused with
the coil's much larger lumped element inductance. The one-turn-effect inductance
approximates that of a solid tubular conductor whose length and inner and outer diameter
are the same as that of the coil and co-exists with the coil’s lumped inductance; the coil
being viewed as a slow wave structure. The magnitude of the inductance of the one-turn-
effect is proportional to the length of a typically wound coil. Inductance enhancing
material used in toroidal coils greatly reduces the length of wire required; this in turn
lowers the coil length and the one-turn-effect inductance. The one-turn-effect inductance
of toroidal coils is therefore usually small and can for the most part be ignored. Only when
a large number of turns are wound on a very low permeability core should it be of
concern. The use of very low permeability cores indicates the operating frequency is very
high. Other unwanted parasitic elements that appear at these frequencies usually
predominate and swamp its effects.
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This unwanted one-turn-effect inductance can be made transparent by adding an
appropriate amount of distributed capacitance making it part of a transmission line whose
distributed impedance is tailored to match that of the filter’s terminating impedances. This
is achieved in an unbalanced lowpass filter by surrounding the in-line coils at an
appropriate distance with an earthed conducting medium, usually an R.F. shield.

The ratio of the distance between the parallel surfaces of the insides of a square shield to
the coil outer diameter of 2.25 to 1 was used. This ratio is based on the propagation of a
TEM wave in a 50 ohm system travelling between the confines of the inside surface of the
filter enclosure and the coil’s outer surface for the length of the coil. It was found
empirically using the filter described in figure 4.27 installed in the enclosure of figure 4.28.
For most lowpass filters using air wound coils the improvement in the in-band
performance through adherence to this ratio in a 50 ohm system is small when compared
to other unwanted characteristics and is therefore usually masked. It is good practice
however to counter any effects that can alter a filter's performance to prevent them from
compounding. An accumulation of such effects in high order filters can adversely affecta
filter's performance, especially if the filter is designed to have an in-band ripple. The
following equation, obtained from (ref. 24 pp57), has been modified and is offered as a
guide to calculate the ratio of inner distance between the parallel surfaces of a square
shield to the outer diameter of an air wound coil whose wire diameter to distance between
centres of adjacent turns ratio is in the vicinity of 0.7.

1.023D

Z, =138Log,, (4.12)

where:  Z, = filter’s characteristic impedance
D = distance between parallel surfaces of a square shield
d = outside diameter of air wound coil

The distance (s) between the shield end sections and the ends of the coil relative to
equation (4.12) is:-

(4.13)

The effect the distributed impedance has on a filter’s overall response is best seen on an
expanded central region of a Zi1 Smith chart of a correctly terminated high order lowpass
filter whose cut-off frequency is above 30 MHez. If the distributed impedance is higher than
the filter's characteristic impedance, the Zi; response will show a small residual series
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inductance in the passband before the effects of the lumped elements become significantly
reactive and start to attenuate the through path signal. And likewise if the distributed
impedance is lower, the Z1; response will show a small residual shunt capacitance in the
passband. The residual reactance, whether inductive or capacitive, will slightly increase
the in-band through path attenuation with increasing frequency before the effects of the
lumped elements are seen as the cut-off frequency is approached.

4.2.4 Reducing the Effects of Mutual Coupling Through Shielding

A 33 MHz 9th order lowpass filter was built to highlight the effects of mutual coupling
between coils on a higher order filter. Two different diameter air wound coils (a) and (b)
were tried to examine the effects of the co-efficient of coupling between coils. The circuit
described in figure 4.27 using coils (a) was built in a fully enclosed PCB box, shown in
figure 4.28, with complete shielding between the coils. Coils (a) diameter and the distance
between parallel surfaces of the square shield of the P.C.B. enclosure were designed via
equation (4.12) to have a distributed impedance of 50 ohms.

The performance plots of the filter using air wound coils in a fully enclosed shield were
taken and will be used as a reference to which comparisons will be made. Figure 4.30 is the
Z11 plot from 3 MHz (chart centre) to 26 MHz showing the characteristic impedance of the
filter is 50 ohms. Figure 4.29 is the Z1 plot from 3 MHz (chart centre) to 50 MHz. Figure
431 is the in-band insertion loss compared with the level of input signal. The -3dB point
was measured at 32.5 MHz. Figure 4.32 is the out-of-band response. The plateau between
50 and 100 MHz is due to in-band distortion products of the spectrum analyser. The
analyser noise floor can be seen at-75dBm. The two peaks appearing about 860 MHz are
due to the series resonance of coils L2 and L3. Series resonances of coils L1 and L4 appear
almost coincidental at 750 MHz. The enclosure resonances are well above 1 GHz and are

not displayed.

The filter components were removed from the shielded enclosure and mounted above a
PCB ground plane. The outer perimeters of the coils were 9 mm above the ground plane
and 11 mm between adjacent coils. Figure 4.33 is the Z1, plot showing the increase in the
characteristic impedance of the filter brought about by mutual coupling between the coils.
Figure 4.34 is the in-band response. Note the increase in the cut-off frequency with respect
to figure 4.31. Using equation (4.1) on the data displayed in figure 4.33 shows a 0.01dB
ripple now exists in the passband.
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L1 L2 L3 L4
II Cl II c2 Il: c3 II c4 II c5

33MHz L.P. Filter

Cl,C5 = 53pF 2 x 27pF in parallel

C2,C4 = 170pF 100pF and 68pF in parallel

C3 = 191pF 120pF, 68pF and 5.6pF in parallel

L1,L4 = 327nH l.6mm dia. silver plated wire
(a) 17.7mm OD, l6mm long, 6 turns
(b) 22mm OD, l6mm long, 5 turns
(c) 8T 26SWG T-50-6 Toroidal

12,L3 = 466nH 1.6mm dia. silver plated wire

(a) 17.7mm OD, 21lmm long, 8 turns
{b) 22mm OD, 20mm long, 6 turns

(c) 9T 26SWG T-50-6 Toroidal

Figure 4.27 33 MHz lowpass 9t order filter
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Figure 4.28
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PCB enclosure for 9t order lowpass filter
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Zn1plot 3 MHz to 50 MHz of the 33 MHz L.P. 9th order filter 17.7 mn1 air wound
coils in P.C.B. enclosure

Figure 4.29

IMPEDANCE OR AGMITTANCE COORDINATES

Expanded Z; plot 3 MHz to 26 MIHz of the 33 MHz L.P. 9t order filter 17.7 mm

air wound coils in P.C.B. enclosure

Figure 4.30

87




DSTO-TN-0531

/¥7 REF -41@.0 dBm ATTEN 12 dB
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2 dB/
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START @ Hz STOP 42.92@ MHz
RES BW 3920 kHz VBW 100 KHZ SWP 23 msec

Figure 431  In-band response of 33 MHz L.P. 9th order filter 17.7 mm air wound coils in
P.C.B. enclosure
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RAES BW 302 kHz VBW 100 kHz SWP 75 msec

Figure4.32  Out-of-band response of 33 MHz L.P. 9th order filter 17.7 mm air wound coils in
P.C.B. enclosiire
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This figure may seem trivial, but when this ripple caused by mutual coupling between
in-line coils is combined with a filter designed to have a passband ripple their
accumulative effects can be disastrous. A quick demonstration will be used to illustrate
this point. The component values of the 9th order filter have been re-engineered to form a
32.5 MHz Chebyshev filter with 0.01dB bandpass ripple. A ripple that appears on the low
side of 50 ohms when viewed on a Smith chart was chosen. Coil length, diameter and
distance between coils have been kept the same. The inductance of each coil was carefully
measured and adjusted on a HP-4191 R.F. Impedance Analyser at the filter’s cut-off
frequency before being installed in the circuit. Z1; plot and frequency response figure 4.35
and figure 4.36 were recorded. Notice the 1dB plateau in the in-band frequency response
of Figure 4.36 just prior to the cut-off frequency supported by the corresponding Z11 plot of
figure 4.35. The combined effects of the two 0.01dB ripples has resulted in an approximate
0.5dB increase in insertion loss as the cut-off frequency was approached.
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Figure4.33  Zy: plot 3 MHz to 50 MHz showing the increase in characteristic impedance
through mutual coupling between coils
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@j REF -19.0 dBm ATTEN 1@ dB

=
2 dB/

\
\

START @ Hz STOP 40.22 MHZzZ
RES BW 300 kHz VBW 103 kHz SWP 28 msec

Figure 4.34  In-band response showing the increase in cut-off frequency through mutual
coupling between coils

Figure 4.35  Zi plot 3 MHz to 50 MHz of a 32.5 MHz L.P. 9th order 0.01dB Chebyshev filter
with mutual coupling between air wound coils
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[EXT AEF

ATTEN 1@ dB

REF -12.0 dBm

o

2 d8/

STOP 49.20 MHz

SWP 22 msec

VBW 100 kHz

RES BW 328 kHz

START @ Hz

yshev filter with

In-band response of a 32.5 MHz L.P. 9th order 0.01dB Cheb

mutual coupling between air wound coils

Figure 4.36

Z11 plot 3 MHz to 50 MHz of the 33 MHz L.P. 9th order filter 22 mm air wound

coils

Figure 4.37
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@D REF —10.9 dBm ATTEN 10 dB
[EXT REF
2 das/

START @ Hz STOP 43.002 MHz
RES BW 388 kHz VBW 100 kHz SWP 208 msec

Figure 4.38  In-band response of 33 MHz L.P. 9th order filter 22 mm air wound coils

With the circuit returned to normal, the 17.7 mm coils were removed and replaced with
the larger diameter 22 mm coils. Overall length of the filter and distance between coils was
the same. The larger diameter coils will have greater mutual coupling. Figure 4.37 shows
the further increase in the filter's characteristic impedance and in-band ripple. Figure 4.38,
the in-band response, shows a further increase in the cut-off frequency.

4.2.5 Reducing the Effects of Mutual Coupling Between Toroids Through
Shielding

The 9th order filter was constructed using toroidal coils (figure 4.27 coils (c)) in the same
fully enclosed PCB box as used for the air wound coils, the same shunt capacitors are also
used. L1, L4 were seven turns and 1.2, L3 were eight turns of 24SWG wire on Amidon T-
50-6 toroidal formers. Figure 4.39 shows the Zi; plot figure 4.40 is the expanded in-band
Z11 plot to 26 MHz, figure 4.41 is the frequency response to 40 MHz and figure 4.42 is the
out-of-band response to 1 GHz. Comparing figures 4.39 to 4.42 the toroidal coils with 4.29
to 4.32 the air wound coils shows:-

¢ aslightincrease in in-band insertion loss from the centre of the passband to the
cut-off frequency due to power being absorbed within the toroidal material,

¢ asmall decrease in the cut-off frequency when compared to the air wound coil
filter due to mutual induction between the air wound coils and the shield
slightly decreasing the air wound coils” inductance, and
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¢+ the lowest in the series of self-resonant frequencies of the toroidal coils are just
above 1 GHz and are not displayed compared to the air wound coils which are
seen below 1 GHz. This is due to the shorter length of wire when using
inductance enhancing material. The plateau between 50 and 100 MHz is a result
of the in-band distortion products generated by the spectrum analyser.

Figure 4.39  Zi plot 3 MHz to 50 MHz of the 33 MHz L.P. 9th order filter toroidal coils in
P.C.B. enclosure

93



DSTO-TN-0531

AMPEDANCE OR ADMITTANCE COORDINATES

Figure 440  Expanded Zi1 plot 3 MHz to 26 MHz of the 33 MHz L.P. 9th order filter toroidal
coils in P.C.B. enclosure

@D REF -10.0@ dBm ATTEN 10 dB

EXT REF
2 as/
START @ Hz STOP 40.20 MHz

RES BW 303 kHz VBW 188 kHz SWP 20 msec

Figure 441  In-band response of 33 MHz L.P. 9t order filter toroidal coils in P.C.B. enclostire
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ha REF .@ dBm ATTEN 10 dB

XT HEF
i@ dB/ ‘}

START @ Hz STOP 1080 MHz
RES BW 380 kHz VBW 188 kHz SWP 75 msec

Figure 442 Out-of-band response of 33 MHz L.P. 9th order filter toroidal coils in P.C.B.
enclosure

4.2.6 Reducing the Effects of Mutual Coupling Between Unshielded Toroids
by Their Orientation

Figure 4.43 is the recommended unshielded layout for toroidal coils used in lowpass
filters. The coils have been position in such a way that the mutual coupling between
adjacent coils is kept to a minimum. Adjacent toroids are centrally located at right angles
to one another. The toroidal windings of L2 and L4 are evenly displaced about imaginary
line AB. This balances the positive and negative aspects of mutual coupling between
adjacent toroids from both the coil windings and their one-turn-effects so their total sum is
zero. Figures 4.44 to 4.47 are the filter’s performance plots. The small loops in the response
of figure 4.45 indicate that there is still some mutual coupling between toroids present.
Note the gradual decrease in out-of-band attenuation with increasing frequency in figure
4.47. This is due to the capacitive coupling between toroids. Also notice in figure 4.45 the
increase in through path resistance seen as a gradual progression along the R line on the
Smith chart of the loops with increasing frequency. This increase in resistance is also due
to capacitive coupling between toroids and is covered in more detail in Section 4.2.8.
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Figure 443  Recommended P.C.B. layout for unshielded toroidal L.P. filter to cancel the effects
of mutual coupling between toroids in close proximity

Figure 444  Z; plot 3 MHz to 50 MHz of the 33 MHz L.P. 9th order filter toroidal coils on
P.C.B. layout
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APEDANCE OR ADMITTANCE COORDINATES

Figure 445  Expanded Z11 plot 3 MHz to 26 MHz of the 33 MHz L.P. 9th order filter toroidal
coils on P.C.B. layout

'17P REF ~-10.@ dBm ATTEN 1@ dB

EXT REF
2 dB/
STARAT B Hz STOP 48.020 MHz

RES BW 380 kHz VBW 182 kHz SWP 20 msec

Figure 446  In-band response of 33 MHz L.P. 9t order filter toroidal coils on P.C.B. layout
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ha REF .8 dBm ATTEN 10 dB

1@ dB/

START @ Hz STOP 1000 MHZz
RES BW 380 kHz VBW 188 kHz SWP 75 msec

Figure 447  Out-of-band response of 33 MHz L.P. 9th order filter toroidal coils on P.C.B.
layout

4.2.7 Variations in In-band Response of 33 MHz L.P. Toroidal Filter With
Changes in the Sign of Mutual Inductance

Figure 4.48 is a diagram showing the component layout of the 33MHz toroidal filter. The
toroids’ axes were in-line and there was a 7 mm between toroids. The directions of both
the toroidal winding helix and signal path were manipulated to change the sign of mutual
coupling between toroids. The coils were adjusted to obtain the smallest possible in-band
deviation from the designed characteristic impedance of 50 ohms. The left hand rules for
current carrying wire and induced currents were used to derive the sign of mutual coupling
between toroids. The following in-band Zi; plots from 3 MHz to 26 MHz were obtained.

¢ Figure 4.49:- The -3dB point was measured at 30.5 MHz, mutual inductance
between adjacent toroids was negative and between the one turn effects
positive. Coils L1, L4 and L2, L3 were removed and measured to confirm that
the sign of the mutual inductance was indeed negative as predicted via the left
hand rules. The coil’s measured inductance was 340nH and 499nH respectively.
They were higher, as expected, than that called for in the numerical design of
figure 4.27. Negative mutual inductance reduces their apparent values when
installed in the circuit.
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¢ Figure 4.50:- The -3dB point was measured at 31.95 MHz, the mutual inductance
between adjacent toroids was positive and between the one turn effects was
negative.

¢ Figure 4.51:- The -3dB point was measured at 32.75 MHz, the mutual inductance
between adjacent toroids was positive and between the one turn effects was also
positive. Notice there is no in-band ripple, just a gradual increase in the filter's
through path resistance with increasing frequency.

Figure 448  P.C.B. component layout of 33 MHz L.P. filter with axes of toroids in-line
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Figure 449  Expanded Z:; plot 3 MHz to 26 MHz of the 33 MHz L.P. 9th order filter toroidal
coils in-line with negative mutual induction between the toroidal windings and
positive between their one-turn effects

UAPEDANCE DR ADMITTANCE COORDINATES

Figure 4.50  Expanded Z1; plot 3 MHz to 26 MHz of the 33 MHz L.P. 9tl order filter toroidal
coils in-line with positive mutual induction between the toroidal windings and
negative between their one-turn effects
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UAPEDANCE OR ADMITTANCE COORDINATES

Figure4.51  Expanded Zy; plot 3 MHz to 26 MHz of the 33 MHz L.P. 9th order filter toroidal
coils in-line with positive mutual induction between the toroidal windings and
their one-turn effects

4.2.8 Increase in a Toroidal Coil’s Effective Series Resistance Through
Capacitive Coupling with Other Toroids in the Signal Path

Any mutual coupling between the toroids would be expected to be seen as continuous
overlayed small circles whose centres lie on a fixed position on the R line similar to figures
4.26,4.33 and 4.37. Comparing figures 4.40 (toroidal filter in a fully enclosed shield) with
figures 4.45,4.49, 4.50 and 4.51 shows the unshielded toroidal filters have an increase in in-
band through path resistance with increasing frequency. This is seen as a gradual
progression of the continuous circles’ centre along the R line to the right of the normalised
impedance as the frequency is raised. Figure 4.51 has no mismatch circles and just shows
the increase in resistance of the through path. The expanded Smith chart of figure 4.40
clearly shows that there is very little resistive component present in the toroids. There is
no progression along the R line with an increase in in-band frequency. These same
components, when removed from the shielded enclosure and mounted on an unshielded
P.C.B. show an increase in resistance with frequency. If the resistive losses in the toroidal
material are not to blame then something else is causing the increasing resistance with
increasing frequency.

101



DSTO-TN-0531

102

33MHz L.P. Filter

Cl,C5 = 53pF 2 X 27pF in parallel

C2,C4 = 170pF 100pF and 68pF in parallel

C3 = 191pF 120pF, 68pF and 5.6pF in parallel
L1,L4 = 327nH 8T 26SWG T-50-6 Toroid

12,L3 = 466nH 9T 26SWG T-50-6 Toroid

Cp = approximately 1lpF

Figure4.52 33 MHz lowpass 9th Order Toroidal Filter. Stray capacitive coupling is shown
as Cp

Capacitive coupling between the far ends of adjacent toroids forms a parallel resonant
circuit whose frequency of resonance, which is in the stop band, approaches the filter’s
cut-off frequency. Figure 4.52 is the diagram of the toroidal L.P. filter in which the stray
capacitive coupling between the far ends of adjacent toroids is shown as Cp. The parallel
resonant frequency of L1 + L2 and the stray circuit capacitance Cp appearing across their
far ends is approximately 157 MHz. The high dynamic impedance seen in series with the
through path will be seen as a localised increase in the out-of-band rejection. The high
attenuation of the filter order and test equipment limitations prevent this dip from being
seen. However the real part of the low frequency outer skirt of this resonant circuit is seen
in the upper part of the filter's in-band response as an increase in resistance with
increasing frequency and can be as high as a few ohms. This is readily seen in the
resistance component curve of figure 3.8, the universal resonance curve for a parallel
resonant circuit. In the current examples, figures 4.49 to 4.51, total resistive losses seen in
series with the four toroidal windings was as high as three ohms as the cut-off frequency
was approached. The magnitude of the ohmic losses is proportional to Cp and inversely
proportional to the difference between the passband -3dB frequency and the parallel
resonant frequency. Any steps taken to reduce Cp will raise the parallel resonant
frequency and lower the ohmic losses.
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While the increase in resistance may be tolerated in receiver and low power circuits, it is
not recommended where high power is used. Capacitive coupling between the toroids
increases the filter’s insertion loss by increasing the windings’ effective series resistance
which increases the energy dissipated as heat. Low permeability toroidal coils used in high
power lowpass filters should be isolated from each other in fully enclosed shielding.

4.2.9 Designing and Building a 7th order 850 MHz Lowpass Filter.
This filter is very close to the technological limit for the construction techniques presented

and therefore warrants a more in-depth discourse. The normalized values in the appendix
were used to design the 7t order 850 MHz lowpass filter described in Figure 4.53.

Ll L2 L3

T
B e E

L1,L3 = 13.9nH 3T 0.41mm dia. ECW, COIL 2.8mm OD
L2 = 18.4nH 4T 0.41mm dia. ECW, COIL 2.8mm OD
C1,C4 = 2.34pF (a) 2.2pF 0603 CERAMIC CHIP CAPACITOR LS(C) = 1.2nH
C2,C3 = 7.02pF {a) 5.6pF 0603 CERAMIC CHIP CAPACITOR LS(C) = 1.2nH

{b) 6.8pF 0603 CERAMIC CHIP CAPACITOR LS(C) = 1.2nH

Figure 4.53 850 MHz 7' order lowpass filter

Fully enclosed shielding will be used to control the unwanted electric and magnetic
coupling between the filter components. SMA connectors were chosen because of their
superior performance as microwave frequencies are approached in lieu of BNC which
have been used so far. A browse through catalogues from various SMA manufacturers
shows the square PCB mount connector can easily be enclosed by a square shield. This
connector has four earth pins, one from each corner of the square flange. These pins were
cut-off with a sturdy pair of side cutters and trimmed flush with a file. The flange on the
connector is 6.3 mm square. Equation (4.12) was used to calculate the OD of 2.8 mm for an
air wound coil in a 50 ohm system for a square shield constructed around this flange.
0.41 mm enamel covered wire (ECW) wound on the shank of a 1.9 mm twist drill will give
the required OD for the air wound coils. Reyner’s equation (3.8) can now be used to
calculate coil length and number of turns. The results are tabulated in Table 4.2.
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Table 4.2 Variables used in cquation (3.8) to calculate required inductance. Dimensions are in

inches and (millimetres).

L D [ n t
(nH)
13.9 0.11” 0.08” 3 0.017”
(2.8 mm) (2.03 mmy)
184 0.11” 0.12" 4 0.017"
(2.8 mm) (3.05 mm)

Equation (4.13) was used to calculate the required distance “s” of 0.0787" between end
sections of the shield and the ends of the coils. This distance is required at both ends of the
three coils giving a total of 0.47”. The length of the filter, or distance between flanges of the
two SMA connectors, can now be calculated from the total distance of “s” and the length
“I” for the three coils from Table 4.2.giving:-

0.47+0.08+0.12+0.8=0.75"

The standard Philips low K capacitors that have been used previously in this text because
of their small size and low distributed inductance are not suitable for this filter. The main
body of the capacitors in the required capacitance range are 0.13" square being slightly
larger than the diameter of the coils and having a component thickness of 0.075". The
magnetic coupling between this capacitor and the air wound coil is considered too large
for the proposed filter construction. The distributed inductance of these capacitors,
although small, is also of concern over the frequency range of operation. Take for example
the calculated value of 2.34pF for capacitors C1 and C4. A 2.2pF Philips capacitor with
2 mm lead lengths has a total estimated distributed inductance of 3.9nH. Using equation
(2.4) to calculate C,, at 850 MHz returns an apparent value of 2.9pF. If a 6.8pF was chosen
for C2 and C3 (7.02pF was calculated), again with 2 mm leads and the same estimated
distributed inductance, it will have a C,, of 28pF at 850 MHz. Clearly the distributed
inductance, which is to a large part a direct proportional function of a capacitor’s length,
has made these Philips capacitors unsuitable for this filter. Capacitors with smaller body
lengths are required.

Small surface mount capacitors, particularly the 0603 size, are more suitable. They havea
body length of 0.06” and are 0.03” square. The distributed inductance of these capacitors
has been measured and found to be 1nH. Solder fillets at each end of the capacitor slightly
increase the capacitor’s length adding approximately 0.2nH resulting in a total of 1.2nH.
Calculating C,y at 850 MHz for the 2.2pF and 6.8pF 0603 size capacitors with 1.2nH
distributed inductance returns 2.38pF and 8.86pF respectively. The change in the 2.2pF
capacitor to 2.38pF at 850 MHz is acceptable, however the increase in the 6.8pF to 8.86pF is
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notand will be seen as a lowering of the filter's -3dB frequency. The next lowest preferred
value below 6.8pF is 5.6pF and this has a C,, of 6.9pF at 850 MHz which is closer to the
required 7.02pF. Equation (1.3) gives a characteristic impedance of 54.4 ohms for the filter
using the 2.2pF and 5.8pF capacitors at low R.F. frequencies and 49.76 ohms at the filter’s
-3dB frequency of 850 MHz. This change in characteristic impedance with frequency will
introduce a small ripple into the passband. The ripple will be seen on a Z;; Smith chartas a
circle whose centre lies on the characteristic impedance of the filter and has a
circumference that intercepts the chart’s centre. The chart’s centre is known, usually 50
ohms for a 50 ohm system, and the characteristic impedance of 54.4 ohms has already been
calculated using equation (1.3). An expected in-band ripple of 0.03dB was calculated using
equation (4.14) to find the maximum in-band SWR presented by the filter and then using
this result in equation (4.1) to find the ripple in dB.

2

SWR=2_ (4.14)
Vi

2
T

where:- Z, = filter’s characteristic impedance from equation (1.3) (Q)
Zr = filter termination impedances, normally 50 ohms (Q)

Figure 4.54 describes the construction of the filter. It is easier to achieve crisp corners to
the U shaped brass shim if the fold line is scored with a sharp blade and the shim folded
away from the scored edge. All capacitors are soldered onto their respective partitions and
connectors before assembly into the U shaped channel.

Figure 4.55 is the net list and simulated Z1; plot using ARRL’s Radio Designer software.
Note that distributed resistance has not been included in the analysis. The Zy, plot is
therefore representative of a lossless filter’s ideal response for the filter circuit described
and is the reference by which measured plots are compared.
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BRASS LID
MATERIAL 0.0lin BRASS SHIM

BRASS LID
=i

0.75in

'E 0.3in 5 I - 5

i QV%\\\»%Q% m

0603 CERAMIC CHIP CAPACITORS

X

x

utgz o

//'

MATERIAL 0.01in BRASS SHIM

CENTRE PIN OF

—— 2nn HOLE .
i @‘ SMA CONNECTOR

‘— 0603 CERAMIC CHIP CAPACITOR ————/

BRASS PARTITION REAR OF SMA CONNECTOR

SMA CONNECTOR:- RADIALL Pt. No. R125 426 000
REMOVE THE 4 EARTH PINS
TRIM CENTRE PIN TO 0.05in

Figure 454  Mechanical details of 850 MHz lowpass filter

Figure 4.56 is the measured Z;, plot of the filter. Notice the impedance mismatch circle
starting at the chart centre and forming a loop to the right of the centre indicating that Zo
of the filter is higher than 50 ohms as predicted. The loop diameter is not as large as in the
simulation. This is due to the distributed resistance absorbing some of the forward and
reflected wave as it traverses its way through the filter’s components. This resistance is a
product of the DC resistance of the wire, the proximity effects of the turns in the coils, the
use of brass which has just over twice the resistivity of copper for the shielding material,
and finally the decay in resistance of the coils’ high dynamic resistance at parallel
resonance. Simulation has shown these combined losses are about 0.1 ohm per coil at the
filter’s cut-off frequency. Figure 4.57 is the in-band through path loss. The top trace is the
input level to the filter from the signal generator, the bottom the output from the filter.
Notice the -3dB point at 850 MHz as predicted. The combined resistive loss is readily seen
by comparing the measured Z;; plot of figure 4.56 with the measured in-band loss of
figure 4.57 between the frequencies of 421 MHz and 650 MHz. 421 MHz on the Z;, is
diametrically opposite to the 50 ohm point (chart centre) on the mismatch loop and is
where the in-band ripple should maximize. Continuing up in frequency from here to
650 MHz brings us closer to the chart centre implying the losses should be decreasing.
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Moving still higher in frequency takes us away from the chart centre area towards the
-3dB point where the marker is. Examining the insertion loss on figure 4.57 clearly shows
the losses continue to increase between these two frequencies and not decrease as
predicted by the Zy;.

*
COMPACT SOFTWARE - ARRL Padio Designer 1.§
* File: C:\ARALFI-1\R50MHZLP.CKT

*B50MHz LPF s
*

"

BLK

SLC 1 0 C=2.2PF L=1.2NH
IND 1 2 L=13.9NH

SLC 2 0 C=5.6PF L=1.2NH
IND 2 3 L=18.4NH

SLC 3 0 C=5.6PF L=1.2NH
IND 3 4 L=13.9NH

SLC 4 0 C=2.2PF L=1.2NH

RES 4 0 R=500H; 50 OHM TERMINATION

CKT: 1POR 1
END

FREQ
ESTP 1MHZ 1GHZ 300
END

Figure 4.55  ARRL Radio Designer net list and generated Zy; plot for the 850 MHz lowpass
filter. Frequency range is 1 MHz to 1000 MHz

S11 FORWARD REFLECTION 1

THPEDANCE CH 1 - Sl

REFERENCE PLANE
5.08509 mn

»HARKER 1

9.861708 GHz
38.898 %
73.435 o

HARKER TO MAX
MARKER TO HIN

T - MARKER READOUT
FUNCTIONS

0.048800 - 1.811188 GHz

Figure 4.56  Measured Z1 Plot of 850 MHz 7t Order Lowpass filter, 40 MHz (chart centre) to
1000 MHz using 2.2pF and 5.6pF capacitors
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Figure 4.57

REF -1D.Q dBm ATTEN 10 dB

MKR 8508 MHz
—-23.90 dBm

2 dB/

EXT HEF

MARKER

858 | MHz
-23} 920 ¢Bm

/]

START 2 Hz
RES BW 3 MHz

VBW 1 MHz

STOP 1828 MHz

SWP

20 msec

Measured in-band insertion loss of the 850 MHz lowpass filter using 2.2pF and

5.6pF capacitors. Note vertical scale of 2dB/div

$21 FORMARD TRANSMISSION

PORER OUT

»REF=0.0800 dBm

1@.080 dB/DIV

Figure 4.58
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MARKER TO MIN

MARKER READOUT
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Measured out-of-band insertion loss to 10 GHz of the 850 MHz lowpass filter

using 2.2pF and 5.6pF capacitors
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An extra set of three coils was wound and their leads trimmed ready to install into the
filter. The coils were then pulled by their leads to straighten the wire again in order to
measure the length of wire in each coil. There was 28 mm of wire in L1 and L3 and
34.5 mm of wire in L2. These dimensions were then used in equation (4.16) to predict the
spot frequencies where the coils become series resonant. The spacing between turns are
normal for L1,L.3 and towards large in L2. Values for the velocity factor vfof 0.7 for L1,L3
and say 0.75 for L2 were chosen. Table 4.3 lists the results of equation (4.16) and the
measured spot frequencies for n=2. Listed also is the measured parallel resonant
frequencies f; for the coils.

Table4.3 Calculated (equation (4.16)) and measured (figure 4.58) spot frequency series
resonances and the measured parallel resonant frequencies f, of the in line coils in the

850 MHz lowpass filter.
Coil | Wire Length | of fr n=2 n=3
(mm) (MHz) (MHz) (MHz)
L2 34.5 0.75 2500 6521 (cal) 9782 (cal)
6663 (meas)
L1,I3 28 07 | 3200 7500 (cal) 11250 (cal)
7784 (meas)

Figure 4.58 shows the gradual decrease in attenuation with increasing frequency from
about 6.5 GHz upwards. This decrease in attenuation is due to the inductive reactance of
the L,y associated with the shunt capacitors becoming a significant percentage of the
filter's terminating impedance. The distributed inductance Ls() of the 0603 capacitors used
in shunt in this filter has been measured at 1.2 nH. Equation (2.5) was used to calculate Ly,
of both 2.2pF and 5.6pF capacitors at 9 GHz. The inductive reactance of the respective Ly
for the two capacitors in question was then calculated at 9 GHz and found to be j60 ohms
and j64 ohms. These results all appear in Table 4.4. Clearly these reactances are greater
than the filter’s terminating impedances and therefore the shunt capacitors cannot perform
their intended function of shunting out-of-passband signals to ground. This lack of
attenuation around 9 GHz has masked the expected response for n=3 of 9782 MHz for the
coil L2.

Table4.4 Values of Ly from equation (2.5) and their reactance at 9 GHz for the 2.2pF and
5.6pF 0603 size ceramic chip capacitors used in shunt with the through path of the

850 MHz lowpass filter.
True LS(C) Lupp XLupp
Capacitance
2.2pF 1.2nH 1.058 nH j60 ohms
5.6pF 1.2nH 1.144 nH j64 ohms

0531
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The following plots were included to show the effects of using a 6.8pF capacitor for C2
and C3. Don’t be mislead by the almost perfect looking Zi1 plot of figure 4.59. Comparing
this plot with the in-band insertion loss of figure 4.60 and then comparing this last plot
with figure 4.57 shows that the resistive losses have increased even further. Figure 4.60
shows the slope around the -3dB point is rounder and the cut-off frequency is slightly
lower. Figure 4.61 highlights the effect the 6.8pF capacitance has on its Lsc) of 1.2nH. The
Loy has increased slightly, lowering the frequency where the decrease in out-of-band
attenuation begins to take effect.

S11 FORKARD REFLECTION 1 CH L - si1

FMPEDANCE REFERENCE PLANE
5.0509 nn

PHARKER |
8.86170@8 GHz
12.912 @
40.348 JQ

HARKER TO HAX
MARKER TO HIN

MARKER READOUT

-1
0.046989 - 1.911168 GHz FUNCTIONS

Figure 4.59  Measured Z1; Plot of 850 MHz 7% Order Lowpass filter, 40 MHz (chart centre) to
1000 MHz using 2.2pF and 6.8pF capacitors

110




DSTO-TN-0531

MKR 858 MHz

REF -10.0 dBm ATTEN 10 dB ~24.38 dBm
[EXT REF
2 aB/ *
MARKER
850 | MHz

\

START @ Hz STOP 1000 MHz
RES BW 3 MHz VBW 1 MHz SWP 20 msec

Figure 4.60  Measured in-band insertion loss of the 850 MHz lowpass filter using 2.2pF and
6.8pF capacitors

il ON
821 FORWARD TRANSHISSI CH 1 - s21

REFERENCE PLANE
LOG MAGNITUDE »REF=0.000 dB 18.0800 dB/DIV 5.0509 mm

: : : »HARKER 1
: ; : ; i ; 0.861700 GHz
...... ?.”“””?“”“““?”“““?nuuuug“._““9,“““. ~4.126 dB

RET: R ; ......... ?””N“é ........ iuu““”é ........... SO é ......... I ! NARKER TO MAYX
H : : : : : : : H HARKER TO MIN

: HARKER READOUT
10.0008000 FUNCTIONS

#.040800 GHz

Figure 4.61  Measured out-of-band insertion loss to 10 GHz of the 850 MHz lowpass filter
using 2.2pF and 6.8pF capacitors
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4.2.10 Summarising Lowpass Filters

It is generally understood that the need for shielding in L.P. filters is to prevent out-of-
passband signals from finding alternative paths around the filter’s attenuating
components. What is not generally understood is the need to isolate the magnetic flux of
coils, especially air wound of large diameters, to prevent the effects of mutual coupling
between them from affecting the passband response and cut-off frequency. Mutual
coupling between coils can be reduced through:-

+ attenuation of magnetic flux by distancing the coils as demonstrated in figures
4.25 and 4.26,

¢ the use of fully enclosed shielding to isolate the coils as demonstrated by
comparing figure 4.29 and 4.39 with figures 4.33, 4.35,4.37, 4.49, 4.50 and 4.51,

and

o the use of inductance enhancing materials which provide a lower reluctance
path to the magnetic flux thereby encouraging the flux to stay within the
confines of the enhancing material. Caution should be used when using
materials that have a low permeability as some flux lines will not be constrained
and will extend beyond the core material. Figure 4.43 is the recommended PCB
layout for toroidal cores in close proximity.

It may still be necessary to use Faraday shields to prevent stray capacitive coupling
between the filter’s components from affecting the in-band and out-of-band performance.
Of the three methods described above, fully enclosed shielding is by far the most effective
for both air wound and toroidal inductors. The type of material to be used in the
construction of the enclosure is covered in section 4.3 Shielding.

4.3 Shielding

The traditional method of nulling the effects of unwanted magnetic coupling between two
air wound coils in close proximity is to place the coils at right angles to each other. This
method relies on the axes of both coils being orthogonal, on the same plane and having
symmetry about the intersection of the two axes. This ensures that the sum of the induced
voltages are zero and hence no induced current can flow. This is akin to the nulling of a
bridge network. Just like a bridge network, a slight change in the orientation of the coils
from the null point produces a large change in induced voltage. This method is not
recommended for mobile equipment or high vibration environments. Also, it does not
inhibit the capacitive coupling between coils. Another method is to keep the coils at least
their diameter apart; 1.75 times the diameter has been shown to be very effective. Such a
technique is impractical when designing compact equipment. These techniques are
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centred on reducing the magnetic coupling between the two components and not the
coupling to these components from external fields.

Total shielding of the electromagnetic fields at R.F. frequencies is generally carried out by
surrounding the component to be shielded in a fully enclosed conducting medium that has
a very low distributed resistance and possesses a very low relative permeability. The
conducting medium acts as a Faraday shield and prevents any electric field component
travelling further than the boundaries of the enclosure. The magnetic field component is
not as easily attenuated and the choice of a shielding material with a very low relative
permeability together with very low distributed resistance needs to be discussed. There
are two basic methods of attenuating a magnetic field, diverting the course of the field, or
cancelling it with an equal but opposite field.

4.3.1 Diverting the Course of the Field

Conducting materials that have a relative permeability greater than one attract magnetic
lines of flux to them by offering a lower reluctance path than that of the surrounding
medium, usually air. They have higher distributed inductance per unit length and higher
resistivity than materials with a permeability of one. An enclosure made of tin-plated steel,
for example, with its high permeability (approx. 1,000) would divert the magnetic lines of
flux, both internal trying to get out or external trying to get in, around the contour of the
shield. At RF. frequencies the rate of change of flux would induce circulating eddy
currents into the conducting enclosure. The induced circulating currents flowing through
the high distributed inductance and resistivity of the shield will create voltage drops that
modulate the ground reference of a through path signal as it travels through the circuitry
within the enclosure. Also, the permeability of steel decreases as frequency increases to a
point where at R.F frequencies its effectiveness as a magnetic shield is below that of
copper. It is for this reason that ferrous based conducting materials should only be used at
low frequencies and should be avoided in electromagnetic shielding at R.F. frequencies.

The filter described in figure 4.27 using coils (a) was constructed in the enclosure of
figure 4.28 made of tin-plated steel. Figure 4.62 is the measured in-band insertion loss.
Comparing the insertion loss of figures 4.31 (copper PCB enclosure) with 4.62 (tin-plated
steel) shows the increase in insertion loss due to the increased resistivity in the current
loops of the tin plate. Not all the energy induced into the tin plate enclosure is being
returned to the in-line coils as would be the case in a perfectly conducting enclosure. Only
the part that is not being dissipated as heat in the enclosure resistance is returned. This
results in the observed increase in insertion loss. Figure 4.62 also shows an increase in the
filter’s cut-off frequency due to the enhanced negative mutual coupling to the through line
coils by the large relative permeability of the tin-plated steel. Figure 4.63 is the out-of-
passband response. Comparing this figure with figure 4.32 (PCB enclosure) will show the
tin-plated enclosure has lowered the coils’ parasitic resonant frequencies.
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Figure 4.62  In-band response of the 33 MHz L.P. 9th order filter 17.7 num air wound coils in
tin plate enclosure
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Figure4.63  Out-of-band response of the 33 MHz L.P. 9th order filter 17.7 mm air wound coils
in tin plate enclosure
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4.3.2 Cancelling the Field With an Equal but Opposite Field

An enclosure made of copper has a permeability that is almost the same as air and
therefore will not impede the flow of magnetic flux passing through it, nor will it divert it.
If the copper forms a complete closed loop around the source of R.F. magnetic field, eddy
currents will be induced into the copper. The direction of induced eddy currents will be in
the opposite direction to the original current whose field induced it. Therefore the sense of
magnetic field generated by the induced eddy current is in the opposite direction to the
original field and can be used to cancel its effects.

433 Cancelling Fields Whose Direction of Travel are at Right Angles to the
Axis of an Air Wound Coil

Figure 4.64 (adapted from ref. 29) is a cross sectional view of a single layered air wound
coil fully enclosed by a copper shield in which ‘G’ is an element of wire at the centre of the
coil and "H’ is an element of a side of the shield which is parallel with the coil axis. A
current flowing out of the page through element ‘G’ will produce lines of magnetic flux
centred on ‘G’ with a clockwise direction. If the current through ‘G’ was increasing the
field centred on ‘G’ would be expanding that is, moving away from ‘G’. This expanding
field induces a current into element ‘H’ that will flow into the page. The magnetic field
associated with the current in element ‘H' is centred on ‘H’ and has a counter-clockwise
direction. If there were no ohmic losses in the complete loop of which element ‘H’ is a part,
then the magnetic field centred on‘H’ would be equal but of opposite direction to the field
centred on ‘G’ external to the shield. The complete loop for ‘H’ is formed by the four sides
of the enclosure parallel to the coil axis. The two fields external to the shield would cancel
thus providing a high degree of isolation. In the real world element ‘H’ has distributed
resistance and a small amount of self-inductance which limits the current that can flow in
the loop. The field centred on "H’ therefore does not quite have the same magnitude as ‘G’
external to the shield and leaves a portion of ‘G’ unchecked. Best possible shielding is
obtained when the enclosure material has a very low distributed resistance and low self-
inductance. The graph at the bottom of the figure 4.64 is representative of the magnitude
and direction of the flux density. It can be seen that the flux external to the shield is almost
equal but with opposite direction, their sum approximating zero. The field from ‘H’
internal to the shield is in the same direction to that centred on ‘G’ and induces a current
into element ‘G’ that is in the same direction as the current flowing through it. This is
negative mutual induction and has the effect of reducing the self-inductance of element
‘G
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Figure 4.64  Ficld strength distribution around element ‘G’ of a coil and element *H’ of the
copper shield. Instantaneous R.F. currents and magnetic fields are shown
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434 Cancelling Fields Whose Direction of Travel are in-line with the Axis of
an Air Wound Coil

Figure 4.65 is the same coil and enclosure as above where ‘A’ is an element of an end turn
of the coil and ‘E’ is an element of the end section of the shield in-line with the coil
diameter. The same increasing current is flowing as above and the field centred on ‘A’
generated by a current flowing out of the page has a clockwise direction and is expanding.
The rate of change of flux induces a current into ‘E’ that is flowing into the page. Lines of
flux centred on ‘E’ will have a counter-clockwise direction. Field lines external to the
shield will be equal but of opposite direction and their effects cancel. This is shown in the
graph at the bottom of figure 4.65. A similar analysis carried out on element ‘B’ which is
on the opposite side of the same turn and lies on the diameter with ‘A’ will show the
results in the graph at the top of figure 4.65. The current flowing in ‘E’ is into the page and
the current in ‘F’ is out of the page. If a more detailed analysis were to be carried out it
would be seen that the induced current into the shield flows in a circle whose centre lies
on the axis of the air wound coil enclosed within the shield. It will also be seen that the
direction of the circular current flow in the ends of the shield is opposite to the circular
path the current follows as it travels through the helix of the coil. Figure 4.66 shows the
circular path of the induced current in the end section of the shield. It can be seen that it is
part of the total loop current circulating around the four sides of the enclosure. Positions of
‘F',’E’ and ‘H’ are indicated.

The ability of the end sections of a shield to provide their own closed loop for the
induced currents caused by fields whose direction of travel is in-line with the axis of the
coil, indicates that only end sections of a shield are required if the air wound coils of a
filter are mounted in-line on the same axis. By connecting these end sections to ground
they also function as a Faraday shield reducing the capacitive coupling between the coils.
The induced circular current in the end sections is zero at the point of the axis of the coil
building to its maximum where the end section is the closest to the wire of the coil. Any
electrical connection required through the shield to the coil should be made through the
part of the end section that has minimum circulating current, that is, the part of the end
section that lies on the axis of the coil. This ensures minimum disturbance to the
circulating eddy currents and hence has minimum effect on the shield’s effectiveness. This
construction guide is valid for fully enclosed shielding or shielding employing only end
sections.
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Figure 4.65  Ficld strength distribution around element ‘A’ of a coil and element ‘E of the
copper shield. Instantaneous R.F. currents and magnetic fields are shown
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Figure 4.66  Direction of instantaneous R.F. currents induced into a fully enclosed copper
shield surrounding an air wound helical coil. Note the positions of ‘E’, ‘F’ and ‘H’
from the previous diagrams

4.3.5 Summarising Shielding

The overall effect the conducting shield has on the coil is to lower its Q through energy
lost in the resistive path of the induced circulating eddy currents in the shield, a decrease
in inductance through negative mutual induction with the shield and, a decrease in the
coil’s self-resonant frequency by increasing the distributed capacitive coupling via the
shield. The latter has the effect of increasing the coil’s apparent inductance.

Materials to be used as shields placed around coils operating at R.F. frequencies should
be non-magnetic with a very low resistivity. The shield can be considered as a closed
single turn loop that has eddy currents induced into it by a traversing magnetic field. As
such, steps should be taken to maximise the Q of the loop by keeping its resistive losses to
a minimum. This ensures the external counter magnetic field generated by the eddy
currents closely matches the field that produced it thereby neutralising its effects external
to the enclosure and providing a high degree of isolation. The material most often used by
this author when constructing prototype enclosures for filters is one ounce double sided
tin plated PCB. When using this material, attention has to be paid to the construction to
ensure a fully enclosed conducting path exists in the three planes of the internal walls.
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4.4 Unwanted Resonances of Enclosures and Coils

Any fully closed conducting box can have several resonant modes, the frequencies of
resonance being dependent upon the internal dimensions of the box. Also air wound coils
can have standing waves developed across their length. Attenuation across the ends of a
coil drops to low levels at spot frequencies where the electrical length equals half
wavelength and multiples thereof. A lowpass filter constructed inside a fully enclosed
shielded box will have a decrease in out-of-band attenuation at the enclosure resonant
frequencies and at the in-line coils” half wavelength and multiples thereof. Very little
attenuation occurs through the filter at these out-of-passband frequencies. Care needs to
be taken in choosing the size of shielding enclosures to ensure the resonant modes of the
enclosure and the half wavelength frequencies of coils do not coincide with any local
transmitting equipment. This lack of adequate attenuation can generate spurious products
in receivers limiting their spurious free dynamic range or provide insufficient attenuation
to the upper harmonics of a transmitter connected to an aerial.

4.4.1 Enclosure Resonance

Equation (4.15), ref.31 pp430, can be used to calculate the frequencies at which the
enclosure appears as a resonant cavity. Out of passband attenuation of L.P. filters can
decrease to very low levels at these frequencies. The lowest frequency at which the
enclosure will be resonant and have minimum attenuation between input and output is
when!=0,n=1, m=1.

U 3 N S S

where:  f(I,n,n) = resonant frequency of enclosure in MHz
I, m and 1 = a set of integers each corresponding to a different
resonant frequency. Only one integer is allowed to
be set to zero at any time.
a, b, and d = dimensions of the enclosure in meters (see figure 4.67)

It is extremely difficult to attenuate the passage of signals at the enclosure resonant
frequencies; the internal electronic components only lower the resonant frequency. The
only effective way would be to dampen the enclosure resonance by filling it with R.F.
absorbing material. This would be counter-productive to any filter installed within,
therefore prevention is the best course of action. The resonant frequencies of the enclosure
will usually be in the microwave bands. If signals within this band are causing interference
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to a receiver then a lowpass filter specifically designed to suppress this band constructed
in a separate enclosure will need to be installed at the receiver’s input.

A

/j ’
Signal path
through filter

Figure 4.67  Definitions of dimensions used in equation (4.15)

4.4.2 Standing Waves in Air Wound Coils

Allair wound coils wound with lengths of wire have distributed inductance from the wire
length and through mutual coupling between elements of the wire being in close
proximity to other elements on the same length of wire; put simply, mutual coupling
between turns. Co-existing with this distributed inductance is distributed capacitance
between turns. These two distributed elements form a distributed transmission line whose
characteristic impedance is much higher than the standard 50 ohms impedance in
common use. Standing waves can therefore develop along their length which makes the
coil appear series resonant at a series of spot frequencies which are dependent on wire
length, degree of mutual coupling between turns and the distributed capacitance both
within the coil and to the installed environment. If the turns of the coil are compressed the
distributed elements are increased and the distributed characteristic impedance decreases
with a resulting decrease in spot frequency of the series of resonant frequencies. Likewise
if the turns are stretched there is an increase in the frequency of the series of resonances.

If the distributed capacitance is kept reasonable, in keeping with good construction
techniques, then the series of spot frequencies at which series resonance occurs can be
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approximated to less than ten percent by equation (4.16). It is based on the well known
equation for calculating frequency from the velocity of propagation divided by wave
length and is offered as a guide to assist in predicting out-of-band filter performance. It
shows the series of spot frequencies at which the attenuation through the coils used in the
through path of a lowpass filter decreases to low levels. Also itcan be used to approximate
the upper frequency limit of a highpass filter where the largest shunt inductor first
becomes series resonant. Equation (4.16) can be used for very low permeability toroidal
coils only. As the toroidal coil’s permeability is raised a correction factor based on the
inductance increase of the one-turn-effect relative to free space needs to be applied. The
shorter lengths of wire used when inductance enhancing material is employed raises the
series of resonances to very high frequencies. Losses within the core material at these
frequencies usually swamp the effects of the distributed high impedance transmission line.

n300
21

fmy=v, (4.16)

where:  f (1) = approximate series resonant frequency of an air
wound coil (MHz)

n=2345,6,7...etc

vy = velocity factor,
0.6 for close wound coils,
0.7 for normally wound optimum spacing, and
0.8 for coils with large spacing between turns

| = total length of wire in coil including lead length (metres)

Figure 4.68 is a plot showing the series of spot resonant frequencies for the 6.235uH air
wound coil described in Section 3.6. It will be seen that there is relatively close agreement
between the results of equation (4.16) and the measured response up to values of nine for
n. Excessive amounts of distributed capacitance of an air wound coil, through turns being
very close together and the coil in close proximity to shielding, will lower the series of
resonant frequencies. Under these conditions equation (4.16) becomes inaccurate in
proportion to the excess capacitance.
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Figure 4.68  High frequency response of the 6.235uH air wound coil showing the series
resonarces

44.3 Out-of-Band Response of a Fully Shielded 32 MHz L.P. Filter
Constructed With Air Wound Coils

Figure 4.69 is a plot of the out-of-band response up to 6 GHz of a 33MHz L.P. filter of
figure 4.27 with coils (a). It should be noted that series resonances of the in-line air wound
coils are predominantly seen. The first few resonances are effectively shunted to ground
by the action of the shunt capacitors. As the frequency is raised the distributed inductance
of the capacitors starts to predominate and becomes an appreciable percentage of the
terminations, allowing coupling of signals at the coils’ series resonant frequencies. It
should be remembered that the physically small Philips miniature low k capacitors with
very short lead lengths were used in this filter. If the physically larger 350 V silver mica
capacitors were installed, the larger self-inductance of these capacitors would allow
coupling of signals at lower series resonant frequencies than those shown in figure 4.69.

The enclosure of this filter (figure 4.28) is made of double sided PCB material soldered at
all joints except for the lid which is held on by screws. The internal dimensions of the
enclosure referenced to figure 4.67 are /=157 mm, b=40 mm and d=40 mm. There are three
internal shields installed across the long dimension, one 35 mm from each end and one in
the centre dividing the enclosure into four partitioned sections; two at 35x40x40 mm and
two at 41x40x40 mm. These partitioned sections’ dimensions are used to calculate the
enclosure resonant frequencies. It is recommended that the lengths of the chambers not all
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be identical. This helps to attenuate the passage of unwanted out-of-passband signals at
microwave frequencies through the filter enclosure. Had all four chambers been made the
same length, a fourth order spot frequency cavity filter would have been constructed at the

chamber’s resonant frequency.

189 Jan 18997 14: 56: 28
CH1 Sy log MAG 10 0B/ REF 0 dB 1: -93.411 dB
22 687 . 401 S§7 MHz

e A

<7

START .030 000 MHz STOP 6 000.000 Q00 MHz

Figure4.69  Out-of-passband response to 6 GHz of the 33 MHz L.P. filter showing the various
unwanted resonarces
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difference being the diameter of the air wound in-line coils - the author’s coils having a
slightly smaller diameter. Various diameter coils were then tried and it was found that the
residual through path reactance could be made to swing from slightly inductive through
zero to slightly capacitive. This led this author to the development of equation (4.13) to
counter the one-turn-effect of coils used in the through path of lowpass filters. Peter’s coils
were closer to the ideal ratio. The final filter was used as the reference filter in section 4.2.4
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7. APPENDIX

Lt L2

L. L. L.
IR

0. 719676 L1 = 1.675197
1. 96827 L2 = 1. 675197
0. 719676

values for 5th order L.P. filter

L1 L2 L3

J——C’:rw‘ —I—C’:y\ "I‘O’:Yw 'J—C4

il

Ci
c2
Cc3
C4

Normalised

ook

0. 6252397 L1 = 1. 488474

1. 875719 L2 = 1.97253
1. 8756719 L3 = 1.488474
0. 6252397

values for 7th order L.P. filter

DSTO-TN-0531

129



DSTO-TN-0531

130

L1 L2 L3 L4

'LC1 'j‘C2 ']_03 _LC4 'J‘CS
N

C1 = 0. 5521 L1 = 1.359316
c2 = 1.761 L2 = 1.934266
C3 = 1. 979957 L3 = 1.934266
C4 = 1. 761 L4 = 1.369316
C5 = 0. 5521

Normalised values for 9th order L.P. filter

Cn Ln R
C=-— L= —
2R 21nfs

fo = cut-off frequency of filter (Hz)
Cn = normalised value of C (F)
Ln = normalised value of L (H)

R = termination resistance (ohms)
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